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A series  of  glass  powders  in  the  Ca0-P205~Si02  system 
were  successfully  produced  by  sol-gel  processing,  an 
alternative  to  the  conventional  melt  processing  of  bioactive 
glass  and  glass-ceramics  with  remarkable  advantages  of  high 
purity  and  high  homogeneity  as  well  as  low  processing 
temperature . 

Characterization  of  gel-derived  powders  before  and 
after  in-vitro  testing  was  conducted  using  FTIR  reflection 
spectroscopy.  X-ray  diffraction  analysis,  inductively 
coupled  plasma  (ICP)  analysis,  thermal  analysis  and  nitrogen 
absorption  BET. 

Most  gel-derived  powders  before  in-vitro  testing  were 
amorphous  and  porous  with  a large  surface  area,  ranging  from 
200  to  650  m^/g.  Surface  area  increased  with  increasing  SiC>2 
content  (50  mol . % to  90  mol.%)  in  the  compositions  and  could 
also  be  controlled  by  heat  treatment  temperature. 

By  defining  bioactivity  as  the  ability  of  materials  to 
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form  a surface  hydroxyapatite  (HA)  layer  in  a simulated  body 
environment,  the  in-vitro  tests  indicated  that  all  the 
gel-derived  powders  with  different  compositions  were 
bioactive.  Compositions  with  up  to  70  mol.%  Si02  showed 
higher  rates  of  formation  of  HA  in  the  tris-buf f ered  in-vitro 
solutions  than  melt-derived  Bioglasses®.  The  bioactivity 
generally  increased  with  decreasing  SiC>2  content.  However, 
gel-derived  powders  containing  as  high  as  90  mol.%  SiC>2  in 
composition  still  showed  the  formation  of  a hydroxyapatite 
surface  layer  within  7 days  at  37°C,  whereas  the  SiC>2 
compositional  boundary  of  bioactivity  of  conventional 
melt-derived  bioactive  glass  and  glass-ceramics  never  exceeds 
60  mol.%.  Thus,  the  SiC>2  compositional  boundary  for 
bioactivity  is  extended  significantly  from  60  mol.%  up  to  90 
mol.%  by  using  sol-gel  technology. 

The  texture,  especially  the  surface  area,  has  an 
important  role  in  developing  the  bioactive  surface  HA  layer. 
The  enhanced  bioactivity  and  the  extended  compositional 
region  of  bioactivity  appears  to  be  due  to  the  increased 
density  of  nucleation  sites  for  crystallization  of 
hydroxyapatite  on  the  SiC>2-rich  surface  of  the  sol-gel 
derived  bioactive  glass  powders. 
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CHAPTER  I 
INTRODUCTION 

1.1  Implant  Materials. 

A biomaterial  is  a nonviable  material  used  in  or  as  a 
medical  device,  intended  to  interact  with  biological  systems 
[1] . Biomaterials  may  be  distinguished  from  other  materials 
in  that  they  possess  a combination  of  properties,  including 
chemical,  mechanical,  physical  and  biological  properties  that 
render  them  suitable  for  safe,  effective  and  reliable  use 
within  a physiological  environment,  an  environment  that  is 
both  extremely  hostile  and  sensitive  to  foreign  bodies.  At 
present,  there  are  as  many  as  50  different  materials  used  in 
the  40  different  medical  and  dental  devices  developed  for 
replacement  or  repair  of  tissues  or  organs  of  the  body  [2]. 

Biomaterials  used  in  implantable  devices  are  metals, 
polymers  and  glass,  glass-ceramics  or  ceramics  [3-4].  Even 
though  metals  and  polymers  are  widely  used  in  maxillofacial 
and  orthopaedic  applications,  success  with  these  types  of  the 
materials  has  limits,  especially  in  long-term,  >20  years, 
applications.  It  is  not  only  because  these  materials  may 
elicit  certain  undesirable  responses,  such  as  metal 
sensitivity,  but  also  some  degree  of  motion  may  occur  at  the 
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nonadherent  implant-tissue  interface,  which  will  eventually 
lead  to  interface  deterioration.  The  resulting  pain  can  force 
surgical  removal.  Sufficient  movement  can  lead  to  implant 
failure  or  bone  fracture.  As  a result  of  this  situation, 
numerous  investigations  have  been  initiated  to  find  a 
material  which  will  firmly  adhere  to  bone. 

One  approach  has  involved  the  use  of  porous  metallic 
implants . The  concept  involves  bone  ingrowth  into  a porous 
surface  which  could  provide  mechanical  interlocking.  The 
mechanical  load  is  distributed  over  a wide  area,  reducing  the 
chance  of  bone  necrosis  due  to  stress  concentration  at  local 
sites  [5-8]  . The  use  of  porous  metal  surfaces  to  anchor 
prosthetic  devices  to  bone  seems  promising.  One  of  the  major 
points  which  remains  to  be  shown  is  the  effect  of  the 
increase  in  surface  area  associated  with  a porous  surface  and 
the  resulting  corrosion  which  could  occur  over  long  periods 
of  time. 

Another  approach  to  improve  stability  of  the 
biomaterial-tissue  interface  involves  the  use  of  inert  porous 
ceramic  materials.  Due  to  their  highly  oxidized  state, 
ceramics  are  inert  materials  capable  of  resisting  degradation 
in  severe  environments  [9].  The  concept  behind  inert  porous 
ceramics  is  the  ingrowth  of  tissue  into  pores  on  the  surface 
or  throughout  the  implant  [10]  . The  interface  is  established 
by  the  living  tissue  in  the  pores.  The  increased  interfacial 
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area  between  the  implant  and  the  tissue  results  in  an 
increased  inertial  resistance  to  movement  of  the  device  in 
the  tissue.  One  of  these  attempts  involved  the  use  of  a slip 
cast  mixture  of  alumina,  calcium  carbonate,  silica  and 
magnesium  carbonate,  so-called  Cerosium  [11].  Evaluation  of 
this  material  revealed  little  bone  ingrowth  into  the  pores. 
This  was  attributed  to  a small  pore  size.  Studies  show  that 
when  pore  sizes  exceed  100  |lm,  bone  will  grow  within  the 
interconnecting  pore  channels  near  the  surface  and  maintain 
its  vascularity  and  long-term  viability  [12-13] . In  this 
manner,  the  implant  serves  as  a structural  bridge  and  model 
or  scaffold  for  bone  formation.  The  microstructure  of  certain 
corals  makes  an  almost  ideal  investment  material  for  the 
casting  of  structures  with  highly  controlled  pore  sizes.  A 
replamineform  process  to  duplicate  the  porous  microstructure 
of  corals  that  have  a high  degree  of  uniform  pore  size  and 
interconnection  was  developed  [14].  The  first  step  is  to 
machine  the  coral  with  proper  microstructure  into  the  desired 
shape.  The  machined  coral  shape  is  then  fired  to  remove  CO2 
from  the  limestone,  forming  CaO  while  maintaining  the 
microstructure  of  the  original  coral.  The  CaO  structure 
serves  as  an  investment  material  for  forming  the  porous 
material.  After  the  desired  material  is  cast  into  the  pores, 
the  CaO  is  easily  removed  from  the  material  by  dissolving  in 
dilute  HC1 . The  most  promising  coral  genus,  Porites,  has 
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pores  with  a size  range  of  140-160  |lm,  with  all  the  pores 
interconnected  [12].  Replaminef orm  porous  materials  of 
OC-AI2O3,  TiC>2  and  calcium  phosphates  have  been  used  as  bone 
implants  with  the  calcium  phosphates  being  the  most 
acceptable  [15] . 

Materials  such  as  AI2O3  may  also  be  made  by  using 
suitable  foaming  agent  that  evolves  gases  during  heating. 
Porous  alumina  and  calcium  aluminates  were  produced  by  mixing 
powdered  CaCC>3  with  fine  AI2O3  powder,  firing  at  1450-1500°C 
for  about  20  hours.  In  this  manner,  a foamed  material  with 
pore  size  determined  by  the  original  CaCC>3  particles  was 
produced  [16] . 

Porous  materials  are  weaker  than  the  equivalent  bulk 
form  in  proportion  to  the  percentage  of  porosity.  As  the 
porosity  increases,  the  strength  of  the  material  decreases 
rapidly.  Much  surface  area  is  also  exposed  so  that  the 
effects  of  the  environment  on  decreasing  strength  become  more 
important.  Aging  of  porous  materials,  with  their  subsequent 
decrease  in  strength,  poses  problems  as  to  the  long-term 
application  of  porous  materials  unless  they  are  designed  to 
be  resorbable. 

Resorbable  biomaterials  are  designed  to  degrade 
gradually  over  a period  of  time  and  be  replaced  by  the 
natural  host  tissue  [17].  Because  large  quantities  of 
material  may  be  replaced,  it  is  also  essential  that  a 
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resorbable  biomaterial  consists  only  of  metabol ically 
acceptable  substances.  This  criterion  imposes  considerable 
limitations  on  the  compositional  design  of  resorbable 
materials.  Successful  materials  are  porous  or  particulate 
calcium  phosphate  ceramic  materials  for  hard  tissue 
replacement  [18]. 

A completely  unique  approach  to  the  problem  of 
permanent  fixation  is  the  use  of  bioactive  materials.  A 
bioactive  material  is  one  that  elicits  a specific  biological 
response  at  the  interface  of  the  material  which  results  in 
the  formation  of  a bond  between  the  tissues  and  the  material. 
This  subject  was  initiated  by  L.L.  Hench  and  colleagues  in 
the  late  1960s  and  early  1970s  [19-27].  They  discovered  that 
certain  compositions  of  glasses  (Bioglasses®)  could  bond  with 
bone  when  implanted.  Later  work  by  Wilson  and  Nolletti  showed 
that  certain  compositions  of  the  bioactive  glasses  also  bond 
to  soft  tissues  [28]  . The  concept  of  bioactive  bonding 
involves  the  use  of  controlled  surface  reactions  to  achieve  a 
chemical  attachment  to  tissues.  This  material  shows  1)  no 
local  or  systemic  toxicity,  2)  no  long-term  inflammatory  or 
foreign  body  response,  3)  bonding  to  hard  and  soft  tissue 
without  an  intervening  fibrous  capsule,  and  4)  a good 
surgical  handling  ability. 
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The  mechanism  of  tissue  attachment  is  directly  related 
to  the  type  of  tissue  response  at  the  implant  interface.  It 
is  now  well  established  that  no  implant  material  is  truly 
inert  in  the  living  body;  all  materials  elicit  a response 
from  host  tissues.  If  the  material  is  toxic,  the  surrounding 
tissue  dies;  if  the  material  is  nontoxic  and  dissolves, 
tissue  replaces  it;  if  the  material  is  nontoxic  and 
biologically  inactive,  a fibrous  tissue  capsule  of  variable 
thickness  forms;  and  if  the  material  is  nontoxic  and 
biologically  active,  an  interfacial  bond  can  form  between  the 
material  and  the  surrounding  tissues  [29-30].  Bioglass® 
implants  falls  into  the  last  category.  The  controlled  surface 
reactivity  of  these  Bioglass®  implants  allows  the  bonding  of 
the  materials  to  living  bone. 

The  bonding  to  bone  has  been  associated  with  the 
formation  of  a hydroxyapatite  (HA)  layer  on  the  surface  of 
the  glasses.  It  has  also  been  shown  that  an  even  narrower 
range  of  glass  compositions  can  bond  to  soft  tissues  [31-32] . 
A characteristic  of  the  soft-tissue  bonding  compositions  is  a 
very  rapid  rate  of  HA  formation.  This  has  been  previously 
attributed  to  the  presence  of  Na20  in  the  glass  composition 
which  increases  the  solution  pH  at  the  implant-tissue 
interface  and  thereby  enhances  the  precipitation  and 
crystallization  of  HA  [33]  . The  rate  of  HA  formation  has 
also  been  shown  to  be  very  strongly  dependent  on  the  ratio  of 
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SiC>2,  glass  network  former,  to  Na20,  network  modifier,  in  the 
glass  [34]  . When  the  glass  composition  contains  60%  SiC>2,  or 
more,  bonding  to  tissues  is  no  longer  observed  [35] . 

Further  experiments  revealed  a considerable  range  of 
chemical  composition  of  glasses  or  glass-ceramics  which  allow 
bone-bonding  to  the  implant  interface . These  include  a 
Ceravital®-type  glass-ceramics  which  contain  only  apatite  as 
the  crystalline  phase  [36-37]  and  A-W  bioactive 
glass-ceramics  which  contain  apatite  and  wollastonite 
crystalline  phases  in  a MgO-CaO-SiC>2-P205  system  [38-40]. 
Figure  1.1  shows  the  bone-bonding  boundaries  of  all  the 
bioactive  glasses  and  glass-ceramics  in  the  Na20-CaO-SiC>2 
system  (with  a constant  6 wt%  P2O5)  . Inside  the  bioactive 
boundary  (region  A) , the  glass  and  glass-ceramics  develop  HA 
on  the  surface  both  in-vitro  and  in-vivo  and  bond  with  bone. 
Outside  the  boundary,  the  materials  are  either  inert  (region 
B)  or  of  a resorbable  type  (region  C)  . Region  D is  a non- 
glass-forming and  nonbonding  region.  Bioactive  glass-ceramics 
Ceravital®  and  A-W  glass-ceramics  are  shown  in  Figure  1.1. 
However,  note  that  the  Ceravital®  and  A-W  contain  crystalline 
phases  and  a glassy  matrix.  Also,  the  A-W  contains  more  P2O5 
than  the  other  compositions  in  the  figure.  The  relationships 
illustrated  in  the  figure  are  only 
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qualitative  comparisons.  It  has  to  be  emphasized  that  all 
these  bioactive  glasses  or  glass-ceramics  have  a SiC>2  content 
less  than  60%.  The  bone-bonding  mechanism  on  the 
Ce ravit al®-type  material  was  explained  on  the  basis  of 
dissolution  of  the  apatite  and  phagocytosis  of  the  glassy 
matrix  by  macrophages  [41-42],  while  the  A-W  bioactive 
glass-ceramics  form  a thin  layer  of  carbonate  containing 
hydroxyapatite  on  their  surface  [43].  However,  specific 
features  of  bone-bonding  mechanisms  of  bioactive  glasses  and 
glass-ceramics  are  not  yet  clear. 

Since  the  discovery  of  Bioglass®,  many  different 
bioglass  applications  have  been  explored.  These  include  many 
in  hard  tissues,  such  as  coatings  of  Bioglass®  on  orthopaedic 
devices  (total  hip  arthroplasties) , devices  for  use  in 
maxillofacial  and  middle  ear  applications  and  dental  ridge 
maintenance  applications  [44-46] . 

The  bioactive  glass,  in  powder  or  paste  form,  has  a 
very  large  potential  use  as  well.  These  powders  in  particle 
range  of  100  to  500  flm  can  be  used  not  only  to  augment,  but 
also  regenerate  the  body's  hard  tissues.  They  can  be  directly 
placed  in  bone-deficient  areas  and  can  be  also  mixed  with 
various  types  of  collagen  or  resorbable  polymer  carrier 
system  to  form  pastes  that  can  be  then  molded  into  the 
deficiency.  These  powders  and  pastes  can  fill  in  irregular 
bony  wounds  and  spaces  as  a putty  or  by  injection,  whereas 
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bulk  materials  would  need  to  be  either  clinically  shaped  or 
preclinically  shaped  with  the  aid  of  a computer  [47-49] . 
These  powders  can  fill  irregular  shaped  bony  defects  caused 
by  local  or  systemic  disease,  congenital  malformations  or 
trauma.  Several  clinical  applications,  such  as  treatment  of 
periodontal  lesions  [50]  or  urinary  incontinence  [51],  of 
bioactive  glass  powders  are  already  in  trial. 

1.2  Melt  Processing  and  Sol-Gel  Processing 

Up  to  present  time,  bioactive  glass  powders  have  been 
produced  using  conventional  glass  technology.  The  glass 
components  in  the  form  of  grains  of  oxides  or  carbonates  are 
mixed  in  a platinum  crucible  and  then  melted  and  homogenized 
at  high  temperatures,  1250°C-1400°C . Powders  are  made  by 
pouring  glass  into  a liquid  medium,  such  as  water,  fracturing 
the  frozen  glass  into  small  fragments,  called  a frit. 
Subsequent  grinding  and  size  separation  steps  are  necessary 
to  achieve  powders  with  a specific  size  range,  such  as  90|lm 
to  710[lm,  required  for  periodontal  treatment.  The  flowchart 
of  melting  method  is  schematically  illustrated  in  Figure  1.2, 
column  A. 

There  are  several  disadvantages  of  these  conventional 
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Figure  1.2  Schematic  illustration  of  melting 

method  and  sol-gel  method  of  preparing 
bioactive  glasses 


1)  It  is  difficult  to  maintain  the  very  high  purity 
required  for  optimal  bioactivity.  This  is  primarily  because 
of  the  high  temperatures  associated  with  melting  and 
homogenization,  but  is  also  related  to  the  low  silica  and 
high  alkali  content  of  the  traditional  bioactive  glass 
compositions.  These  compositions  are  very  reactive  chemically 
and  tend  to  dissolve  even  platinum  and  can  easily  pick  up 
other  multiple  valence  cations  as  impurities.  It  has  been 
shown  that  impurities  could  reduce  or  totally  eliminate  the 
bioactivity  of  the  bioceramics.  Gross  and  Strunz  [52]  have 
shown  how  sensitive  tissue  bonding  is  to  M+3,  M + ^,  and  M+3 
impurity  cations  in  bioactive  glass-ceramics.  Greenspan  and 
Hench  [53]  have  shown  that  a small  amount  of  Al  + 3 can 
completely  eliminate  bone  bonding  for  bioactive  glasses. 
Recently  Kitsugi  and  colleagues  [54]  and  Kokubo  and  coworkers 
[39]  have  shown  similar  compositional  sensitivities  in  other 
bioactive  glass  and  glass-ceramic  systems. 

2)  Process  steps  of  grinding,  polishing,  fritting, 
sieving,  etc.  all  expose  a bioactive  powder  to  potential 
contaminants  and  the  negative  effects  on  bioactivity 
described  above . 

3)  There  is  a compositional  limitation  imposed  on 
bioactive  glasses  and  glass-ceramics  made  by  conventional 
high  temperature  processes.  This  is  due  to  the  extremely  high 
equilibrium  liquidus  temperature  of  Si02,  1713°C,  and  the 
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extremely  high  viscosity  of  silicate  melts  with  high  SiC>2 
content . 

4)  High  temperature  processing  in  platinum  crucibles 
and  multiple  handling  steps  also  increase  production  costs 
considerably.  The  additional  costs  are  not  only  in  energy, 
but  also  in  capital  equipment,  labor,  maintenance,  quality 
assurance  and  quality  control  etc.  Lowering  the  processing 
temperature  lowers  such  costs  considerably. 

Low  temperature  sol-gel  processing  offers  an 
alternative  to  conventional  glass  and  glass-ceramic 
processing  with  the  potential  advantages  indicated  above. 
There  is  also  the  exciting  possibility  of  achieving  new 
compositional  ranges  of  bioactive  glass  or  glass-ceramics  by 
use  of  this  low  temperature  chemical  processing. 

Research  of  the  sol-gel  process  has  become  a widely 
spread  field  during  the  last  decade  [55-57].  The  scientific 
understanding  of  this  chemical  processing  of  ceramics, 
glasses  and  composites  has  matured  and  several  applications 
have  reached  commercialization.  Sol-gel  processing  is  now 
successfully  used  for  films,  powders,  fibers,  and  even  for 
as-cast  net  shape  precision  optical  components  [58].  These 
new  materials  take  advantage  of  the  intermediate  ultraporous 
state  of  gel  processing.  As  summarized  in  Figure  1.2,  column 
B,  the  chemical  processing  schedule  used  has  six  processing 
steps  which  lead  to  ultraporous  materials,  without  going  to 
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the  seventh,  full  densif icat ion  stage.  Stabilization 
temperatures  of  pure  silica  components  used  for  optics  range 
from  650°C  to  1000°C  depending  on  pore  size.  In  contrast,  the 
multicomponent  biogel-glass  systems  are  stabilized  at  lower 
temperatures  of  600°C  to  700°C. 

Basically,  the  sol-gel  process  involves  the  synthesis 
of  an  inorganic  network  by  mixing  the  metal  alkoxides  in 
solution,  followed  by  hydrolysis,  gelation  and  low 
temperature  firing  to  produce  a material.  The  sequences  of 
sol-gel  processing  and  melt  processing  are  in  the  Figure  1.3. 
In  sol-gel  processing,  the  alkoxides  are  mixed  in  water, 
followed  by  casting,  gelation,  aging,  drying  and 
densif icat ion  at  a relatively  low  temperatures.  Inherent  in 
this  process  is  the  ability  to  modify  the  network  structure 
through  controlled  hydrolysis  and  polycondensation  reactions 
[59-60]  . Thus,  structural  variation  can  be  produced  without 
compositional  changes.  Since  the  material  can  be  prepared 
from  gels  by  sintering  at  relatively  low  temperatures 
( 600°C-700°C)  , most  of  the  disadvantages  of  high  temperature 
processing  can  be  eliminated  with  much  higher  control  over 
purity.  Also,  sol-gel  processing  offers  potential  advantages 
of  ease  of  powder  production,  a broader  range  of  bioactivity, 
and  a better  control  of  bioactivity  by  changing  either  the 
composition  or  the  microstructure  through  processing 
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Figure  1.3  Sol-gel  processing  sequence. 

1. mixing,  2 . cast ing, 3 . gelation,  4. aging, 

5. drying,  6 . stabilization  7 . densification . 


1.3  Objectives 


The  purpose  of  this  work  is  to  develop  a reliable 
method  for  preparing  the  bioactive  gel-glass  powders  in  the 
CaO-P205-SiC>2  system  via  a sol-gel  route  and  to  study  a 
series  of  gel-derived  powders  with  the  intent  of  developing 
an  understanding  of  the  characteristic  features  that  control 
rate  of  hydroxyapatite  formation  in-vitro  and  thereby 
bioactivity  of  the  powders. 

A general  overview  of  implant  materials  and  the  sol-gel 
method  has  been  described  in  the  previous  section.  Chapter  II 
reviews  the  literature  of  bioactive  glasses  and 
glass-ceramics,  their  bioactivities,  both  in-vitro  and 
in-vivo  studies  and  their  compositional  range  in  bonding  with 
tissues.  The  literature  reviews  also  include  sol-gel 
processing  in  more  detail.  The  methods  employed  in  this  study 
for  the  preparation  of  the  bioactive  gel-derived  powders,  the 
in-vitro  testing  and  the  experimental  technique  used  for 
characterization  are  described  in  Chapter  III.  The  measured 
features  of  gel-derived  powders  are  reported  in  Chapter  IV. 
In  Chapter  V,  some  techniques  such  as  infrared  reflection 
spectroscopy  and  X-ray  diffraction  technique  along  with 
several  other  tools  have  been  employed  to  examine  the 
in-vitro  response  of  gel-derived  powders  to  an  aqueous 


environment  maintained  at  physiologic  temperature  and  pH. 
Variables  affecting  bioactivity  of  these  powders,  the 
compositional  effects  and  the  structural  effects  are 
presented  in  Chapter  VI.  Chapter  VII  is  a summary  of  the 
study  and  further  discussion  of  the  bioactivity  of  the 
materials  in  terms  of  surface  chemistry  and  a comparison  of 
melt-derived  glass  powders  and  the  gel-derived  glass  powders, 
with  the  intent  to  identify  the  possible  mechanisms  of  HA 
nucleation  and  growth  on  the  surface  of  the  powders . The 
general  conclusions  of  this  study  are  given  in  Chapter  VIII. 


CHAPTER  II 
LITERATURE  REVIEW 

2.1  Bioactive  Glasses  and  Glass-Ceramics 
2.1.1  Introduction 

It  is  well  documented  that  certain  compositions  of 
glasses  and  glass-ceramics  bond  to  hard  and  soft  tissues 
[2,28,34,61].  As  a group,  these  materials  are  often  referred 
to  as  "bioactive"  [34,61].  At  a Consensus  Conference  of  the 
European  Society  for  Biomaterials,  England,  1986,  a bioactive 
materials  was  defined  as  "a  material  which  has  been  designed 
to  induce  specific  biological  activity"  [62,  p.  66].  Hench 
has  proposed  a definition  that  is  more  functional  and  capable 
of  being  measured  quantitatively;  "Bioactivity  is  the 
characteristic  of  an  implant  material  which  allows  it  to  form 
a bond  with  living  tissues"  [34,  p.  54].  While  defining  the 
precise  magnitude  of  bonded  implant  strengths  has  proven  to 
be  difficult,  the  distinction  between  a bonded  versus  a non- 
bonded  implant  is  clear  cut . 

The  concept  of  a bioactive  synthetic  material  capable 
of  bonding  with  tissues  originated  in  the  work  of  Hench  and 


coworkers  in  the  late  60s  [63].  These  pioneering  efforts 
focused  on  the  SiC>2-P205-CaO-Na20  system.  In-vitro  studies 
demonstrated  that  in  simulated  physiologic  solutions, 
specific  compositions  developed  dual  surface  films  consisting 
of  a silica-rich  layer  and  a calcium  phosphate-rich  layer 
[33,64-65].  The  silica-rich  layer  formed  at  the  glass 
interface  and  was  coated  with  the  calcium  phosphate  layer  at 
the  solution  interface.  Studies  show  that  the  glass 
composition  plays  a major  role  in  the  ability  to  form  these 
layers  as  well  as  the  kinetics  of  formation  [65-66].  It  was 
also  demonstrated  that  the  amorphous  calcium  phosphate  film 
will  crystallize  to  form  agglomerates  of  hydroxyapatite 
crystals,  and  that  collagen  fibers  if  present  are 
incorporated  into  the  calcium  phosphate  layer  [34],  It  was 
postulated  that  the  modified  glass  surface  served  as  a 
heterogeneous  nucleation  site  for  the  precipitation  of 
hydroxyapatite  [67].  These  reactions  were  not  significantly 
affected  by  partial  or  total  crystallization  treatments  of 
the  glassy  phase;  i.e.  ceraming  of  the  glass. 

2.2,2 — In  Vitro  and  In  Vivo  Studies  of  Bioactive  Glasses  and 
Glass-Ceramics 

In-vivo  animal  studies  documented  the  bonding  ability 
of  these  materials.  Through  the  use  of  tools  such  as  light 
microscopy,  electron  microscopy,  scanning  electron 
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microscopy,  selected  area  diffraction,  and  microradiography, 
documentation  of  bone  formation  in  direct  contact  with  the 
glass  surface  was  obtained  [63,68-69]  . Furthermore,  by 
utilizing  Auger  spectroscopy  [64],  infrared  reflection 
spectroscopy,  and  electron  microprobe  analysis  [66,69],  the 
interface  between  the  glass  and  bone  was  shown  to  consist  of 
the  silica  rich  layer  and  calcium  phosphate  layer  as  was 
observed  in  the  in-vitro  studies. 

While  light  and  electron  microscopy  can  be  used  to 
observe  the  implant-tissue  interface,  they  can  not 
distinguish  between  physical  contact  and  chemical  bonding. 
Mechanical  testing  of  the  interface  is  required  to  document 
bonding.  However,  developing  a reliable  mechanical  test  model 
for  in-vivo  samples  is  not  a simple  task.  Ideally  one  should 
be  measuring  tensile  strength.  To  accomplish  this,  the 
contribution  of  surface  irregularities  to  shear  strength 
should  be  eliminated.  It  is  also  very  difficult  to  measure 
surface  area  accurately  and  as  a result  failure  loads  rather 
than  strengths  are  sometimes  reported.  Other  factors  which 
can  affect  the  results  include  handling  conditions  and 
elapsed  time  from  animal  sacrifice,  testing  jig 
configuration,  and  crosshead  speed  of  testing  device.  Thus 
when  comparing  published  results,  one  must  be  careful  to  take 
these  factors  into  consideration.  In  any  mechanical 
evaluation  study,  one  or  more  materials  with  known  bonding  or 
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nonbonding  behavior  should  be  included  for  comparative 
purposes . 

Miller  et  al.  [70]  employing  push  out  tests  using 
cylinders  transversely  located  in  the  cortices  of  dog  femurs 
showed  that  Bioglass®  implants  required  substantially  more 
force  to  dislodge  them  from  healing  bone  than  was  the  case 
for  stainless  steel,  cobalt  chromium  alloys  and  alumina. 
Piotrowski  et  al . [71]  measured  torsional  loading  to  failure 

employing  rat  and  monkey  animal  models.  Midshaft  femoral 
segmental  replacements  of  Bioglass®  were  tested  after  healing 
periods  of  6 to  28  weeks  in  rats  and  23  to  50  weeks  in 
monkeys.  In  both  models  the  specimens  that  bonded  to  bone, 
bonded  very  well,  with  the  strength  of  the  healed  bone 
approaching  the  strength  of  the  contralateral  normal  bone.  A 
noted  observation  was  that  the  fracture  line  after  failure 
tranversed  both  bone  and  Bioglass®  and  did  not  preferentially 
follow  the  interface.  To  assess  the  chemical  viability  of  a 
Bioglass®  coated  metallic  prosthesis  for  orthopaedic 
applications,  Piotrowski  et  al.  [72]  implanted  femoral  head 
replacements  coated  with  Bioglass®  in  monkeys  and  after 
various  time  intervals  measured  the  force  required  to  extract 
the  stem  of  the  prosthesis  from  the  femur.  Stresses  were  not 
reported  due  to  the  previously  discussed  difficulty  of 
determining  the  true  contact  area.  Pull  out  forces  four  times 
greater  than  the  weight  of  the  animal  were  measured.  An 


22 


additional  finding  of  this  study  was  the  critical  need  for 
good  initial  fixation  without  which  bonding  did  not  occur. 

West  el  al . [73]  using  a canine  animal  model  and  push 

out  testing  on  cylinders  implanted  transcort ically  in  the 
femur  demonstrated  comparable  bond  strengths  between 
Bioglass®  coated  and  hydroxyapatite  coated  titanium  alloy  up 
to  24  weeks.  Interestingly  the  failure  of  the  Bioglass® 
coated  implants  occurred  at  the  glass-metal  interface  in  most 
cases  . This  was  attributed  to  a reaction  between  the 
substrate  and  the  glass  during  the  coating  process  producing 
bubbles  at  the  interface. 

Following  in  the  footsteps  of  the  Bioglass®  research 
program  at  the  University  of  Florida,  several  other  groups 
have  focussed  on  the  concept  of  bioactive  materials.  A series 
of  bioactive  glass-ceramics  termed  Ceravital®  was  developed 
by  Bromer  and  others  in  Germany  [74].  Ceravital®  compositions 
fall  in  the  SiC>2-P205-Na20-K20-MgO-CaO  system.  Basically  the 
Ceravital®  system  is  similar  to  the  Bioglass®  system  with 
some  of  the  sodium  replaced  by  potassium  and  some  of  the 
calcium  replaced  by  magnesium.  Bone  bonding  of  Ceravital® 
implants  has  been  confirmed  by  investigators  including  Gross, 
Strunz,  Bromer,  Blencke,  and  Deutscher  [41-42,61,75]. 

In  Japan,  numerous  investigators  [38-40,43,54]  have 
reported  on  the  development  of  a glass-ceramic  material  based 
on  the  Si02 -P2O5 -Na20_K20-CaO-MgO  system.  Termed  A-W 
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glass-ceramic,  these  materials  contain  hydroxyapatite  and 
wollastonite  crystals  in  a MgO-CaO-P205-SiC>2  glassy  phase. 
Selected  compositions  also  contain  whittlockite  as  an 
additional  crystalline  phase  [76].  In-vivo  animal  studies 
have  confirmed  bonding  to  bone  with  A-W  glass-ceramics.  A 
common  finding  with  these  bioactive  glasses  and 
glass-ceramics  is  the  formation  of  a surface  layer  of 
hydroxyapatite.  Kokubo  has  proposed  that  the  essential 
condition  for  glass  and  glass-ceramic  to  bond  to  bone  is  the 
formation  of  a surface  apatite  layer  in  the  body  environment 
[77].  However,  it  is  not  essential  that  the  parent  glass  or 
glass-ceramic  contain  apatite  or  even  phosphorus.  Clark  et 
al . [65],  Walker  [78]  and  Andersson  et  al . [79]  have  observed 
bone  bonding  to  silicate  glass  containing  no  phosphorous. 

Nakamura  et  al.  [38]  developed  an  animal  model  to 
evaluate  bonding  to  bone  using  rabbit  tibial  bones.  Only 
tensile  failure  loads  were  reported  as  determination  of 
actual  bone  contact  area  was  not  possible.  At  8 weeks, 
failure  loads  of  A-W  glass-ceramic  significantly  higher  than 
that  of  alumina  ceramic  implants  were  measured.  In  a 
subsequent  study,  Yoshii  et  al.  [80]  measured  tensile  and 
shear  strength  as  a function  of  implantation  time  in  rabbit 
tibial  bones.  A-W  glass-ceramic  was  compared  with  alumina  at 
2,  4,  8 and  25  weeks.  At  all  time  periods  greater  than  4 
weeks,  the  A-W  glass-ceramic  demonstrated  significantly 
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greater  tensile  and  shear  strengths.  The  greatest  increase  in 
strength  occurred  between  2 and  8 weeks,  after  which  a slight 
increase  was  noted  up  to  25  weeks. 

Kitsugi  et  al.  [76]  measured  the  tensile  failure  load 
of  A-W  glass-ceramic  and  a modified  material  containing  (3- 
whittlockite  (3CaO-P2C>5)  in  addition  to  apatite  and 
wollastonite . Using  the  technique  of  Nakamura  et  al.  [38]  no 
significant  differences  of  failure  loads  were  measured  at  10 
and  25  weeks.  It  was  noted  that  while  the  presence  of 
whittlockite  in  the  glass-ceramic  had  little  effect  on  the 
failure  load  there  was  a wider  reaction  zone  as  compared  to 
the  reaction  zone  of  the  A-W  glass-ceramic. 

In  another  study  Yoshi  et  al.  [81],  again  using  the 
technique  of  Nakamura  et  al . [38],  measured  tensile  failure 
loads  of  the  original  A-W  glass-ceramic  and  a modified 
composition  with  B2O3  replacing  CaF2-  Comparable  strengths 
were  measured  at  10  and  25  weeks. 

In  Finland  a team  of  researchers  led  by  Andersson  has 
examined  the  Si02-Na20-Ca0-P2C>5-B203-Al203  system.  Bioactive 
compositions  have  been  identified  that  form  a calcium 
phosphate  surface  layer  which  serves  as  the  bonding  zone 
between  the  glass-ceramic  and  bone.  While  confirming  a 
potential  inhibitory  effect  of  AI2O3  additions  on  bone 
bonding,  Andersson  observed  bone  bonding  with  compositions 
containing  up  to  1.5  wt%  AI2O3  [82]  . Andersson  and 
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Kangosniemi  [83]  implanted  conical  samples  in  rabbit  tibial 
bones  and  performed  push-out  testing  after  8 weeks.  Bonded 
glasses  had  push  out  strengths  of  16-23  N/mm2  while 
non-bonding  glass  compositions  had  interfacial  strengths  on 
the  order  of  2-4  N/mm2  which  were  comparable  with  titanium 
implants . 

Vogel  and  Holand  [84]  have  developed  a series  of 
machinable  bioactive  glass-ceramics  based  on  the 
Na20-K20-Mg0-Al203-P2C>5-Si02-F  system.  These  bioactive 
compositions  containing  phlogopite  (mica)  and  apatite 
crystalline  phases  bond  to  bone  via  a thin  calcium  phosphate 
layer  which  forms  at  the  surface  in-vivo.  To  assess  bonding, 
cubes  of  the  material  were  implanted  into  the  tibial  heads  of 
guinea  pigs.  At  time  periods  of  8,  12,  and  16  weeks  shear 
strengths  were  on  the  average  eight  times  that  of  dense 
alumina  implants  [85]  . 

A common  area  of  agreement  regarding  the  bonding  of 
bioactive  glasses  and  glass-ceramics  is  that  a calcium 
phosphate  or  hydroxyl  carbonate  apatite  layer  forms  at  the 
implant-bone  interface.  The  ability  to  form  this  layer  as 
well  as  the  kinetics  of  formation  is  influenced  by  the 
composition  of  the  implant  materials.  Given  that  bioactivity 
has  been  demonstrated  in  various  combinations  of  compounds  in 
the  Na2  0 - K 2 0 - C a 0 - Mg 0 - A 1 2 0 3 - P 2 0 5 - S i 0 2 system,  the 
compositional  limitations  discussed  in  the  following  section 
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have  been  only  empirically  defined.  At  present,  there  is  no 
theoretical  basis  for  understanding  these  compositional 
factors . 

2.1.3  Compositional  Range  in  Bonding  of  Bioactive  Glasses 

and  Glass-Ceramics 

Bioactive  glasses  containing  from  40  to  60  wt%  SiC>2 
have  been  identified.  However,  SiC>2  contents  greater  than  60% 
do  not  achieve  bone  bonding  [34,  61].  Higher  concentrations 
of  silica  result  in  glasses  that  form  a silica-rich  layer 
which  elicits  the  formation  of  a nonadherent  fibrous  capsule 
rather  than  the  calcium  phosphate  bonding  layer.  Relatively 
small  additions  or  contaminations  of  multiple  valence  oxides 
in  bioactive  glass  compositions  can  effectively  eliminate 
bone  bonding  potential.  Greenspan  and  Hench  [53]  demonstrated 
that  3 wt%  additions  of  AI2O3  to  a 4555  Bioglass®  will 
destroy  bone  bonding.  Andersson  [82]  on  the  other  hand 
demonstrated  bioactivity  in  glass  compositions  containing  up 
to  1.5  wt%  AI2O3.  Gross  and  Strunz  [61]  have  documented  an 
inhibitory  effect  on  mineralization  with  the  addition  of 
multivalent  actions  of  Al+3,  Ta+4,  Sb+3  or  Zr+4  to  Ceravital® 
glass-ceramics.  Glass  compositions  containing  these  ions 
exhibited  bone  bonding  which  was  decreased,  delayed  or 
totally  inhibited.  The  inhibition  was  characterized  by  the 
presence  of  a seam  of  unmineralized  tissue  or  osteoid  at  the 
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implant  interface.  This  appeared  to  be  a local  effect  as 
normal  mineralization  was  noted  in  repair  areas  away  from  the 
actual  implant  interface. 

In  an  attempt  to  explain  these  observations,  Wilson  et 
al . have  summarized  [31]  the  established  tissue-bonding 
mechanisms  of  bioactive  silicate  glasses  as 

1)  Rapid  exchange  of  Na  + -*-  or  K + 1 with  H + 1 or  H3<D+1  from 
solution, 

2)  Loss  of  soluble  silica  in  form  of  Si  (OH)  4 to  the 

solution  resulting  from  breaking  of  Si-O-Si  bonds  and 
formation  of  Si-OH  and  groups  at  the  glass  solution 
interface, 

3)  Condensation  and  repolymerization  of  an  Si02~rich  layer 
on  the  surface, 

4)  Migration  of  Ca  + 2 and  P04-2  groups  to  the  surface 

through  the  Si02~rich  layer, 

5)  Nucleation  of  a Ca0-P2  O5 -rich  film  on  top  of  the 

SiC>2-rich  layer, 

6)  Growth  of  the  SiC>2-rich  layer  by  diffusion-controlled 
alkali  ion  exchange, 

7)  Growth  of  the  amorphous  Ca0-P2 O5 -rich  film  by 

incorporation  of  soluble  calcium  phosphates  from 
solution, 

8)  Crystallization  of  the  amorphous  CaO-P2C>5  film  by 

incorporation  of  OH-1,  CO3-2,  or  F-1 


anions  from 
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solutions  to  form  a mixed  hydroxyl,  carbonate, 
fluorapatite  layer,  and 

9)  Agglomeration  and  chemical  bonding  of  the  apatite 
crystallites  around  collagen  fibrils  and  within 
absorbed  mucopolysaccharides  and  other  proteins 
produced  by  osteoblasts  or  fibroblasts. 

Steps  1-5  occur  rapidly  (within  minutes) , whereas  steps 
6-9  occur  over  periods  of  3 to  14  days  depending  on  implant 
composition,  animal  species,  surgical  site,  and  fit  of 
implant  in  surgical  defect . 

Holding  other  factors  constant,  the  glass  composition 
exhibits  a marked  effect  on  bonding.  Step  1 in  the  proposed 
sequence  of  bonding  occurs  via  the  reaction: 

2Si-0-Na+  + H30+1  -4  2Si-0-H+1  + 2Na+1  + OH-1  (2.1) 

This  cation  exchange  reaction  and  surface  silanol 
formation  is  diffusion  controlled  and  can  be  represented  by 
the  following  equation: 

Rl=-k1t° • 5 (2.2) 

where  is  rate  constant  for  the  reaction. 

As  a consequence  of  the  hydroxyl  groups  produced  in 
equation  (a)  , the  interfacial  pH  is  raised  and  additional 
silanol  groups  are  produced,  e.g. 

Si-O-Si  + H+1OH-1  -»  Si-OH  + HO-Si  (2.3) 


The  reaction  rate  for  (b)  is  defined  as 
R2=-k2t1 


(2.4) 
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where  R2  is  the  rate  constant  for  this  interfacial  controlled 
reaction.  With  glass  compositions  that  are  bioactive,  an 
interfacial  pH  <9  leads  to  a repolymerization  of  silanol 
groups : 

(c)  Si-OH  + HO-Si— * Si-O-Si  + H2O  (2.5) 

The  rate  for  reaction  (c)  can  be  expressed  as 
R3=+k3tx  (2.6) 

Steps  4-5  occur  when  P2O5  and  CaO  which  have  been 
released  into  solution  precipitate  back  onto  the 
repolymerized  silica  films.  The  reaction  rate  for  this  step 
can  be  represented  by 

R4=+k4tY  (2.7) 

The  time  dependence  for  rate  equations  2.3  and  2.4  has 
not  been  determined.  Thus  the  total  reaction  rate  for  a 
bioactive  glass  surface  can  be  represented  as 

Rt=  -k]_t0*5  -k3ti  +k3tx  +k4tV  (2.8) 

The  first  two  terms  are  negative  as  they  represent  the 
loss  of  material  from  the  glass  surface.  The  last  two  terms 
are  positive  as  they  represent  the  formation  of  layers  on  the 
glass  surface. 

The  net  result  can  be  an  overall  increase  or  decrease 
in  the  volume  of  the  material  depending  on  the  composition 
and  its  relative  influence  on  the  rate  of  each  of  the  four 
reactions.  For  instance,  if  the  glass  contains  enough  silica, 
then  a protective  layer  will  form  on  the  surface  preventing 
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the  subsequent  formation  of  the  calcium  phosphate  layer.  Thus 
a net  decrease  of  volume  may  occur.  Bioactive  glass 
compositions  develop  the  double  silica-rich  and  calcium 
phosphate  layers  which  grow  with  time  producing  an  increase 
in  thickness. 

Referring  back  to  the  observations  that  glasses 
containing  SiC>2  in  excess  of  60%  do  not  exhibit  bonding,  one 
can  examine  the  overall  rate  equation  (2.8)  and  see  that  the 
SiC>2  level  will  affect  all  four  terms.  As  SiC>2  content 
increases,  the  network  will  tighten  and  alkali  and  alkaline 
oxide  dissolution  will  be  slowed.  This  will  retard  [OH-] 
production  and  the  formation  of  silanols.  The  Si02 
repolymerization  and  calcium  phosphate  precipitation  will 
also  be  inhibited. 

The  compositional  requirements  for  bioactivity 
influence  each  of  the  terms  in  the  overall  rate  equation  and 
have  been  defined  by  Walker  and  Hench  and  are  shown  in  Figure 
1.1.  Compositions  which  fall  within  the  zone  labeled 
"bonding”  exhibit  a reaction  rate  which  leads  to  the 
formation  of  a calcium  phosphate  surface  layer.  Compositions 
which  fall  outside  of  the  bonding  area  affect  one  or  more  of 
the  terms  of  the  rate  equation  such  that  a calcium  phosphate 
layer  does  not  form. 
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2.2  Sol-ael  processing 


2.2.1  Introduction 

Basically,  sol-gel  processing  can  be  divided  into  two 
main  categories:  (a)  destabilization  of  an  inorganic  salt 

containing  one  or  more  metal  ions  in  aqueous  solutions  in 
which  the  only  liquid  present  is  water  [86]  and  (b) 
controlled  hydrolysis  and  polycondensation  of  alkoxide 
precursors  in  nonaqueous  solutions  which  contain  solvents 
other  than  or  in  addition  to  water.  Accordingly,  gels  are 
classified  into  two  groups:  (1)  "colloidal  gels"  [87] 

"particulate  gels"  or  "aqueous  gels,"  such  as  Ludox®*,  made 
by  destabilization  of  an  aqueous  silica  sol  and  (2)  "alcohol 
gels"  or  "polymeric  gels,"  such  as  Gelsil®**,  made  by 
controlled  hydrolysis  and  condensation  reaction  of  metal 
alkoxides  compounds. 

The  history  of  either  category  of  sol-gel  processing 
dates  back  to  the  mid-1800s. 

As  early  as  1864,  Thomas  Graham  [88]  carried  out  an 
extensive  investigation  of  inorganic  gels  from  aqueous  salts 
and  proposed  a theory  that  the  gel  consisted  of  a 

®*  Registered  trademark,  Du  Pont  de  Nemours  & Co. 
Wilmington,  DE . 

®**  Registered  trademark,  Geltech  Inc.  Alachua  FL. 
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solid  network  with  continuous  porosity.  The  network  structure 
of  silica  gels  was  widely  accepted  in  the  1930s,  largely 
through  the  work  of  Hurd  [89]  . The  process  of  supercritical 
drying  to  produce  aerogels  was  invented  by  Kisler  [90]  in  the 
1930s,  who  was  interested  in  demonstrating  the  existence  of 
the  solid  skeleton  of  the  gel,  and  in  studying  its  structure. 
(Note,  an  average  areagel  is  produces  by  removal  of  the 
liquid  by  drying  above  the  critical  point  which  leaves  a 
skeleton  of  ~ 5%  solid  or  less  without  shrinkage.) 

Around  the  same  time,  mineralogists  became  interested 
in  the  use  of  sols  and  gels  for  the  preparation  of 
homogeneous  powders  for  use  in  studies  of  phase  equilibria 
[91-92]  . This  method  was  used  for  this  purpose  in  the 
ceramics  community  by  R.  Roy  and  coworkers  [55,93-95]  for  the 
preparation  of  colloidal  gel  powders  with  very  high  levels  of 
chemical  homogeneity  of  the  oxides.  They  used  the  sol-gel 
method  in  the  1950s  and  1960s  to  synthesize  a large  number  of 
novel  ceramic  oxide  compositions,  involving  Al,  Si,  Ti,  Zr, 
etc.,  that  could  not  be  made  using  traditional  ceramic  powder 
methods . 

During  the  same  period  Iler's  pioneering  work  in  silica 
chemistry  [87]  led  to  the  commercial  development  of  colloidal 
silica  powders,  Du  Pont's  colloidal  Ludox®  spheres.  Stober  et 
al . [96]  extended  Iler's  findings  to  show  that  using  ammonia 
as  a catalyst  for  the  TEOS  hydrolysis  reaction  could  control 
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both  the  morphology  and  size  of  the  powders,  yielding  the 
so-called  Stober  spherical  silica  powder.  The  history  of  the 
development  of  colloidal  silica  was  summarized  by  Her  in  his 
famous  book  "The  Chemistry  of  Silica"  [87] . 

Much  more  sophisticated  work,  both  scientifically  and 
technologically,  was  going  on  in  the  nuclear-fuel  industry, 
but  it  was  not  published  until  later  [97-98].  The  advantage 
of  sol-gel  processing  of  nuclear  fuels  was  that  it  avoided 
generation  of  dangerous  radioactive  dust,  as  produced  in 
conventional  ceramic  processing,  and  facilitated  the 
formation  of  spheres.  The  small  spheres  (tens  of  [lm  in 
diameter)  of  radioactive  oxides  were  obtained  by  dispersing 
the  aqueous  sol  in  a hydrophobic  organic  liquid,  so  that  the 
sol  would  form  into  small  droplets,  each  of  which  would 
subsequently  gel. 

Category  (b)  of  sol-gel  processing  as  defined  above 
involves  materials  from  hydrolysis  and  polycondensation  of 
metal  alkoxides  in  the  presence  of  a limited  amount  of  water. 
In  1864,  Ebelmen  [99],  who  synthesized  the  first  alkoxide 
from  silicon  tetrachloride  (SiCl4)  and  isoamyl  alcohol  (ROH) 
observed  that  the  synthesized  compound,  Si(0Et>4 
(ethylorthosilicate)  , slowly  converted  into  a glassy  gel  due 
to  slow  hydrolysis  by  atmospheric  moisture  at  room 
temperature  [100].  However,  extremely  long  drying  times  of  1 
year  or  more  were  necessary  to  avoid  the  silica  gels 
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fracturing  into  a fine  powder,  and  consequently  gels  derived 
from  alkoxides  remained  of  interest  only  to  chemists  for 
almost  a century  [101] . During  that  period,  a huge  volume  of 
descriptive  literature  resulted  from  their  studies  but  with  a 
relatively  sparse  understanding  of  the  physical-chemical 
principles  [102-105] . Finally,  in  the  1930s  Geffcken  et  al. 
[106]  recognized  that  sol-gel  processing  could  be  used  in  the 
preparation  of  oxide  films.  This  process  was  developed  by  the 
Schott  glass  company  in  Germany  and  its  physics  is  quite  well 
understood,  as  explained  in  the  excellent  reviews  by 
Schroeder  [107-108],  and  Dislich  [109]. 

The  ceramics  industry  began  to  show  interest  in  gels  in 
the  late  sixties  and  early  seventies.  Controlled  hydrolysis 
and  condensation  of  alkoxides  for  preparation  of 
multicomponent  glasses  was  independently  developed  by  Levene 
and  Thomas  [110]  and  Dislich  [109]  et  al.  Both  glass  and 
polycrystalline  ceramic  fibers  have  been  prepared  by  using 
sol-gel  processing  on  a commercial  basis  by  several  companies 
[111-113]  . Compositions  include  Ti02-SiC>2  and  Zr02~Si02  glass 
fibers  [114],  high  purity  SiC>2  waveguide  fibers  [115-117], 
AI2O3,  ZrC>2,  ThC>2,  MgO,  TiC>2,  ZrSiC>4  and  3Al203‘2SiC>2  fibers 
[118-121].  Abrasive  grains  based  upon  sol-gel  derives  alumina 
are  important  commercial  products  [121]. 

A variety  of  coatings  and  films  have  also  been 
developed  by  using  sol-gel  methods.  Of  particular  importance 
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are  the  antireflection  coatings  of  indium  tin  oxide  (ITO)  and 
related  compositions  applied  to  glass  window  panes  to  improve 
insulation  characteristics  [122-124].  Other  work  on  sol-gel 
coatings  is  reviewed  by  Mackenzie  [125-126]  and  Wenzel  [127] . 

Sol-gel  research  has  grown  markedly  and  the  fields  of 
investigation  have  widened  dramatically  due  to  potentially 
unique  applications  for  this  new  class  of  materials 
[128-134].  According  to  Hench  and  West  [135],  the  motivation 
for  sol-gel  processing  of  silica  is  primaryly  by  the  higher 
purity  and  homogeneity  and  the  lower  processing  temperatures 
compared  with  traditional  glass  melting  methods.  In  addition, 
the  dried  or  partially  densified  gels  can  be  made  in  a wide 
range  of  variable  surface  areas  and  pore  sizes.  These 
advantages  are  summarized  by  Mackenzie  [125],  who  also 
discussed  many  of  the  other  potential  applications,  benefits 
and  drawbacks  offered  by  sol-gel  technology. 

As  mentioned  above,  there  are  two  categories  of  sol-gel 
processing,  in  other  words,  there  are  two  significantly 
different  methods  of  sol-gel  technology.  In  fact,  so  called 
"sol-gel  processing"  most  commonly  means  category  (b)  defined 
as  controlled  hydrolysis  and  polycondensation  reaction  of 
organic  precursors.  This  is  the  definition  used  in  this 
study. 
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2.2.2  One-Component  Gel-Derived  SiC>2 

The  various  types  of  vitreous  silicas  are  given  in 
Table  2.1  [136-137].  Types  I and  II  are  based  on  natural 

quartz  crystals,  either  chunks  or  sand,  as  raw  material,  so 
the  impurity  content  is  variable.  Types  III  and  IV  are  purer, 
but  more  expensive.  Very  pure  vitreous  silica  usually  is  made 
from  vapor-phase  oxidation  or  hydrolysis  of  silicon 
tetrachloride  (SiCl4)  which  is  Type  IV,  however,  it  still 
contains  considerable  impurities  including  OH  groups.  In 
recent  years,  two  new  types  of  pure  gel-silica  glasses  have 
been  produced  with  high  reliability  using  sol-gel  processing, 
Type  V fully  dense  silica  and  Type  VI  optically  transparent 
ultraporous  silica  [137].  The  properties,  especially  optical 
properties  of  Type  V gel-silica  are  superior  than  most  of  the 
commercial  grades  of  silica  [137-138].  Type  VI  gel-silica, 
first  reported  by  Hench  et  al . in  1988,  is  a porous 
monolithic  material  exhibiting  excellent  optical  quality 
[137],  good  thermal  and  chemical  stability  [139],  and 
reasonably  high  mechanical  strength  [140]  . Since  both 
porosity  and  pore  surface  chemistry  of  Type  VI  gel-silica  can 
be  precisely  controlled,  it  has  many  multifunctional  optical 
applications  [137-138,141]. 

The  processing  steps  involving  in  making  Types  V and  VI 
pure  gel-silica  are  illustrated  in  Figure  1.3  . 
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Table  2.1 

Different  types  of  vitreous  silica 


Method  of 

Maximum  impurity  concentration  (ppm) 

Type  manufacture 

A1  Fe  Ca  Mg  K Na  Li  Cl  OH 

I*  Electrical 

fusion  of 
quartz 
crystal 

150  7 12  7 4 12  12  50  4 

II*  Flame 

fusion  of 

quartz 

crystal 

Similar  to  I 400 

III*  Flame 

hydrolysis 
of  SiCl4 

10  6 4 3 2 2 1 60  1200 

IV*  Vapor  phase 

oxidation 
of  SiC14 

Similar  to  III  500  low 

V**  Dense 

Gel-silica 

Total  cation:  1-2  0-1000  <1 

VI**  Porous 
Optical 
Gel-silica 

Similar  to  V >2000  0 

* [136] 

**  ri?7i 

[137] 
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(1)  Sol  preparation.  A liquid  precursor  (starting 
material),  either  tetramethylorthosilicate  (TMOS)  or 
tetraethylorthosilicate  (TEOS)  is  mixed  with  water  and 
undergoes  simultaneous  hydrolysis  and  polycondensation 
reactions  which  lead  to  the  formation  of  Si02 • The  overall 
reactions  consist,  at  least  formally,  of  two  steps: 

M (OR) n + H2O  ->  M (OH) n + n R(OH)  (2.9) 

P M (OH) n ->  P M0n/2  + Pn/2  H20  (2.10) 

In  reality,  the  situation  is  more  complicated; 
reactions  (1)  and  (2)  are  generally  incomplete.  When 
sufficient  Si-O-Si  bonds  are  formed  in  a region,  they  respond 
cooperatively  as  colloidal  (submicrometer)  particles  or  a 
sol.  The  size  of  the  sol  particle  and  the  cross-linking 
within  the  particle  depends  upon  the  pH,  the  catalyst  and  the 
R ratio  {R= [H2O] / [Si (OR) 4 ] ) . For  instance,  by  using  HF  along 

with  HNO3  as  the  catalyst,  the  mean  pore  size  of  the  gel 
changes  over  a broad  range  from  1.2  to  10.0  nm  [140,142]. 

(2)  Casting.  Since  the  sol  is  a low  viscosity  liquid, 
it  can  be  cast  into  a mold  which  must  be  selected  to  avoid 
adhesion  of  the  gel.  The  shape  of  the  gel  will  be  determined 
by  the  shape  of  the  mold  for  casting.  It  has  been  reported 
[143]  that  it  is  possible  to  achieve  as-cast  tolerances  for 
the  diameter,  thickness  and  radius  of  curvature  of  gel-silica 
lenses  made  by  sol-gel  processing  which  are  within,  or 


39 


surpass,  tolerances  achieved  by  precision  grinding  and 
polishing . 

(3)  Gelation.  A gel  is  a form  of  matter  intermediate 
between  a solid  and  liquid  [144].  It  consists  of  an 
interconnected  three-dimensional  network  of  particles  holding 
an  interstitial  liquid  which  is  a mixture  of  alcohols  and 
water.  The  gelation  point  of  any  system,  including  sol-gel 
silica,  is  easy  to  observe  qualitatively  and  easy  to  define 
in  abstract  terms  but  extremely  difficult  to  measure 
analytically.  The  sol  becomes  a gel  when  it  can  support  a 
stress  elastically.  This  is  typically  defined  as  the  gelation 

time,  tgel,  which  changes  significantly  with  the  sol-gel 
chemistry  [87,145-148]. 

(4)  Aging.  Aging  is  defined  as  the  structural 
evolutions  that  occur  with  time  after  gelation  prior  to 
solvent  evaporation  and  involves  maintaining  the  cast  object 
for  a period  of  time  completely  immersed  in  liquid,  either 
its  pore  liquid  or  an  other  solution.  Four  processes  can 
occur,  singly  or  simultaneously,  during  aging.  The  aging 
processes  include:  continuation  of  polycondensat ion 
reactions,  syneresis  which  is  spontaneous  shrinkage  of  the 
gel  with  expulsion  of  solvent,  coarsening  (increase  in  pore 
size  and  reduction  in  surface  area  through  depolymerization 
and  repolymerization) , and  segregation  (phase  transformation 
and  crystallization) . The  strength  of  the  gel  generally 
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increases  with  aging.  A properly  aged  gel  can  develop 
sufficient  strength  to  resist  cracking  during  drying.  The 
structure  of  a gel  may  change  appreciably  with  aging  time 
depending  on  the  preparative  condition,  including  catalyst 
used,  pH  values  and  the  ratio  of  water  and  alkoxides  of 
silicon  (water  content)  [59-60]  . It  has  been  observed  that 
under  high  pH  and  high  water  content,  highly  branched 
clusters  are  developed,  while  under  the  conditions  of  low  pH 
and  low  water  content,  linear  or  random  branches  form  [59] . 
Changes  in  gel  structure  during  aging  are  described  by 
Zarzycki  and  Scherer  [149-150]  . 

Although  Her  [87]  and  Scherer  [133,151]  have  made 
extensive  efforts  to  describe  aging  theoretically,  there  is 
relatively  little  detailed  knowledge  of  aging  mechanisms  and 
kinetics  and  even  less  quantitative  analysis  of  the  effects 
of  aging  on  gel  structure  and  properties.  Recently,  it  has 
been  found  [141]  that  the  gel-silica  texture  can  be 
effectively  controlled  by  aging  treatments.  This  is  achieved 
by  exposing  the  wet  gels  in  a solution  containing  ammonium 

hydroxide  (NH4OH)  in  the  aging  stage  followed  by  drying  up  to 
180°C  in  various  media.  By  controlling  either  aging 
parameters  or  drying  chamber  environment,  the  average  pore 
radius  of  the  resultant  gel-silica  can  be  varied  from  1.2  nm 
to  14.8  nm  with  very  narrow  distributions.  The  volume 
fraction  of  porosity  can  be  extended  from  50%  to  as  high  as 
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74%.  The  pore  shape  can  also  be  changed  from  wide  voids  of 
differing  diameters  to  pores  with  narrow  necks  or  pores  with 
smooth  cylindrical  cross  sections.  Combined  with  other  unique 
properties,  including  good  optical,  mechanical  and  thermal 
properties,  this  makes  it  possible  for  a gel-silica  monolith 
to  be  used  as  a host  material  for  composites,  such  as  solid 
state  dye  lasers,  and  other  optical  devices. 

(5)  Drying.  During  drying,  the  liquid  is  removed  from 
the  interconnected  pore  network  and  the  wet  gel  experiences 
progressive  shrinkage,  hardening  and  stress  development.  The 
stress  arises  not  only  from  differences  in  expansion 
coefficient  due  to  variable  water  content,  but  also  from  the 
action  of  capillary  forces  which  become  operative  when  the 
pores  start  to  empty  and  the  liquid-air  interface  is  present 
in  the  form  of  menisci  distributed  in  the  pores  of  the  drying 
gel.  The  resulting  gel  is  a visco-elastic  solid  which  is 
progressively  transformed  into  a purely  elastic,  porous  solid 
during  the  drying  process. 

The  drying  behavior  of  porous  solids  has  been 
extensively  studied  by  Sherwood  [152-154],  Keey  [155], 
Mujumdar  [156-157],  Moore  [158],  Whitaker  [159],  Cooper  [160] 
Ford  [161]  and  Scherer  [150,162-166].  Different  drying  models 
have  been  proposed  based  on  the  quantitative  studies 
conducted  on  large  pore  (>  20  nm)  gels  by  Kawaguchi  et  al. 
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[167],  Dwivedi  [168]  and  Zarzicki  [169]  and  on  small  pore 
(<20  nm)  by  Wilson  [170] . 

The  dried  gel  differs  from  a glass  by  its  texture.  The 
gel  is  essentially  an  agglomerate  of  elementary  particles, 
the  size  of  which  may  be  on  the  order  of  10  nm,  aggregates  of 
particles  formed  by  primary  particles,  so-called  secondary 
particles,  and  contains  micro-  and  macro-pores  [171]. 
Although  the  structural  features  of  a gel  including  surface 
area,  pore  size  and  its  distribution,  may  differ  considerably 
depending  on  processing  method,  the  very  high  surface  area 
(>400m2/g)  remains  for  all  gels.  In  addition,  the  constituent 
particles  are  coated  with  residual  hydroxyl  groups  which  are 
partly  eliminated  during  the  transition  from  a particulate 
texture  towards  a continuous  solid. 

Drying  can  be  performed  in  two  different  ways.  Drying 
by  evaporation  under  ambient  atmosphere  gives  rise  to 
capillary  pressure  that  causes  shrinkage  of  the  gel  network. 
The  resulting  dried  gel  is  called  a xerogel  which  is  often 
reduced  in  volume  by  a factor  of  5 to  10  compared  to  the 
original  wet  gel.  If  the  gel  is  placed  in  an  autoclave  and 
dried  under  supercritical  conditions,  by  removing  the  liquid 
from  the  pores  above  the  critical  temperature  (Tc)  and 

critical  pressure  (Pc)  of  the  liquid,  there  is  no  interface 
between  liquid  and  vapor,  so  there  is  no  capillary  pressure 
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and  relatively  little  shrinkage.  This  process  is  called 
supercritical  (or  hypercritical)  drying,  and  the  product  is 
called  an  aerogel.  These  may  indeed  be  mostly  air,  having 
volume  fractions  of  solid  as  low  as  ~1%.  Both  xerogels  and 
aerogels  are  very  useful. 

(6)  Stabilization.  It  is  a well  established  fact  that 
gel-silica  remains  highly  porous  at  temperatures 
significantly  higher  than  those  required  to  produce  a rigid 
gel  [139].  These  pores  are  predominantly  interconnected  and 
open.  In  an  alkoxide-derived  silica  gel,  the  pore  diameter 
ranges  from  1.2  nm  to  10  nm,  and  the  volume  fraction  of 
porosity  can  be  greater  than  70  percent  [141,172].  Surface 
areas  in  excess  of  900  m^/g  have  been  reported  for  silica 
gels  dried  at  40°C  [173].  Even  after  heating  to  much  higher 
temperatures,  extensive  porosity  remains.  It  is  interesting 
to  note  that  subsequent  heat  treatments  of  the  rigid  gel  do 
not  change  the  average  pore  size  much  as  long  as  the  heating 
is  below  a certain  temperature  (<1000°C)  (Figure.  2.1). 
However,  heat  treatments  do  change  the  volume  fraction  of 
porosity  and  the  surface  area  (Figure  2.2)  [140]. 

The  removal  of  surface  silanol  (Si-OH)  bonds  from  the 
pore  network  results  in  a chemically  stable  ultraporous 
solid.  Type  VI  porous  gel-silica  made  in  this  manner  is 
optically  transparent  with  interconnected  porosity  and  has 
efficient  strength  to  be  used  as  unique  optical  components 
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Figure  2.1  Variation  of  the  average  pore  radius 

of  12A  gel-silica  samples  as  a function 
of  densif ication  temperature  [140]. 
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Temperature  (°C) 


Figure  2.2  Variation  of  the  surface  area  of  pores 
per  unit  volume  (Sv)  and  the  volume 
fraction  of  pores  (Vv)  of  12  A gel-silica 
samples  as  a function  of  densif ication 
temperature  [140]. 
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when  impregnated  with  optical  active  polymers  such  as  dyes, 
fluors,  wavequide  shifters  or  nonlinear  optical  polymers 
[137,141]  . 

(7)  Densif icat ion . Heating  the  porous  gel  at  high 
temperatures  causes  densif icat ion  to  occur.  Densif icat ion  is 
essentially  a sintering  process  by  which  the  pores  of  a dry 
gel  are  eliminated  and  the  density  ultimately  becomes 
equivalent  to  fused  quartz  or  fused  silica,  e.g.  2.2  g/cm^. 
The  final  materials  convert  into  fully  dense  Type  V 
gel-silica.  The  driving  force  for  this  process  arises  from 
the  excess  surface  free  energy  of  the  gel.  At  least  four 
mechanisms  contribute  to  this  process:  (1)  capillary 

contraction,  (2)  condensation,  (3)  structural  relaxation,  and 
(4)  viscous  sintering  [174-175].  Mechanisms  (1)  and  (2)  are 
considered  chemical  processes  which  dominate  at  low  and 
intermediate  temperatures  and  mechanisms  (3)  and  (4), 
structural  relaxation  and  viscous  sintering,  are  physical 
processes  and  dominate  at  high  temperatures  [176].  The 
temperature  range  in  which  each  of  these  mechanisms  is 
dominant  depends  on  the  chemical  and  microst ructural  nature 
of  the  gel  as  well  as  the  heating  rate.  An  important  stage  is 
reducing  or  eliminating  residual  hydroxyl  groups, 
dehydration,  in  the  pores  during  the  densif icat ion  process. 
Although  OH  can  be  removed  through  condensation  reactions, 
viscous  sintering  often  starts  before  dehydration  is 
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complete,  leading  to  bloating  or  foaming  of  the  gel  in  the 
final  stages  of  sintering.  Even  if  sufficient  hydroxyl 
content  is  removed  so  that  sintering  can  occur  without 
bloating,  subsequent  heating  of  the  consolidated  gel  to  its 
softening  point,  for  example,  during  fiber  drawing  or 
sealing,  may  cause  bloating.  Thermal  dehydration  of  silica 
gel  has  been  extensively  investigated  [177].  Hair  [177] 
proved  that  OH  groups  are  in  general  gradually  lost  with 
increasing  temperature,  but  some  single  hydroxyl  groups  are 
still  unable  to  escape  from  the  surface  before  commencement 
of  viscous  sintering,  thus  thermal  dehydration  is  often  not 
sufficient  to  avoid  foaming  in  silica  gels.  Consequently, 
chemical  dehydration  procedures,  primarily  employing  halogens 
have  been  widely  investigated.  Atmosphere  has  a strong 
influence  on  the  densif icat ion  process  [178].  An  optically 
clear,  bubble-free,  and  OH-free  silica  glass  prepared  by 
employing  a halogen  treatment  followed  by  annealing  in  oxygen 
and  sintering  in  He  was  reported  by  Matsuyama  et  al.  [179]. 
The  chemical  and  microst ruct ural  evolution  during  the 
densif  icat  ion  of  dried  gels  have  been  described  by  James 
[180]  . 

During  densif ication  the  gel  will,  at  the  same  time, 
tend  to  crystallize  [86].  The  successful  conversion  of  gel 
into  glass  therefore  depends  on  a competition  between 
phenomena  which  lead  to  densif icat ion  and  those  which  promote 
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crystallization.  This  will  be  discussed  later  with  regard  to 
multi-component  systems.  The  hydroxyl  groups  which  are  on  the 
surface  of  gel  particles  tend  to  decrease  the  viscosity  and 
promote  crystallization  of  the  silica  gel  [181-182]  and  may 
cause  structural  changes,  as  well. 

After  condensation  is  complete  and  thermal  processing 
has  occurred,  the  sol-gel  silica  monoliths  should  be 
primarily  made  up  of  silicate  rings.  There  is  roughly  an 
equal  distribution  of  4-fold,  5-fold,  6-fold,  and  7-fold 
rings  of  silica  tetrahedra  in  vitreous  silica  and  equivalent 
structures  are  believed  to  be  present  in  silica  gel  [183]. 

The  results  of  quantum  mechanics  calculation  of  water 
adsorption  onto  gel-silica  [184]  show  that  the  4-fold  ring 
without  water  is  uniform.  However,  the  ring  with  the  water 
adsorbed  is  elongated  along  the  axis  with  the  water.  Also, 
the  average  silicon-silicon  distance  for  neighboring  atoms 
increases  when  water  is  present.  Thus,  adsorption  of  water 
into  the  porous  gel-silica  dilates  the  gel  structure  as  was 
observed  experimentally  by  using  a dilatometer  [139]  . 

2.2.3  Binary  Na2Qr.SiQ2  Gel-Glass 

Binary  Na20-SiC>2  glasses  via  sol-gel  processing  have 
been  investigated  by  Hench  and  coworkers  [185-187]  . 
Optically  clear  monolithic  dried  gels  in  the  range  of  20 
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mm-90  mm  diameter  by  3 mm  to  20  mm  thickness  in  compositions 
XNa20-  ( 1 -X)  S iC>2  (with  X from  0 mol.%  to  7 mol.%)  were 
routinely  produced  by  acid  catalyzed  sol-gel  processing  using 
tetramethylorthosilicate  (TMOS)  and  NaNOg  and  their 

ultrastructure  and  properties  studied  by  Li  and  Hench  [188]  . 

TMOS  was  used  as  a precursor  of  polysilicic  acid  to 
form  the  soda-silicate  gels.  After  this  precursor  was  mixed 
with  water  at  room  temperature  catalyzed  by  nitric  acid,  an 

inorganic  salt,  sodium  nitrate  (NaN03  ) was  added.  By 
controlling  the  processing  schedule,  complete  drying  and 
partial  densif ication  without  cracking  were  achieved.  The 
ultrastructure  of  the  gels  was  studied  by  using  the  N2 
adsorption  BET  technique.  The  optical  properties  of  the  gels 
were  measured  including  UV,  IR  absorption  and  index  of 
refraction.  The  density,  microhardness  and  dielectric 
relaxation  from  10  Hz  to  13  MHz  were  also  measured.  It  was 
found  that  the  ultrastructure  and  some  properties  of  a 3 

mol.%  Na20-97  mol.%  SiC>2  gel  are  similar  to  those  of  pure 
silica  gel  but  the  alkali-containing  gels  can  be  densified  at 
substantially  lower  temperatures.  In  general,  when  Na20  is 

added  into  the  SiC>2  system,  two  major  changes  occur.  The 
first  change  is  the  gel-glass  conversion  temperatures  are 
decreased  depending  on  the  Na2<0  content  of  the  gel.  The 
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second  one  is  the  increasing  tendency  towards  crystallization 
in  the  system.  Figure  2.3  summarizes  the 
thermal-compositional  processing  diagram  for  the  sol-gel 
derived  system.  The  experimental  basis  for  obtaining  this 
figure  is  given  by  Hench  et  al.  [137,185-187,189]. 

Gel-derived  33  mol . % Na20-67  mol.%  SiC>2  glass  was  obtained  at 
temperatures  as  low  as  500°C  which  compares  to  1050°C-1150°C 
for  pure  silica  gel-derived  glass  [137]. 

It  has  been  shown  that  alkali  cations  or  other 
impurities,  even  in  trace  amounts,  promote  crystallization 
[190-191].  Densif ication  and  crystallization  are  complex 
kinetic  phenomena  and  both  depend  on  the  structural  and 
textural  characteristics  of  the  gel . 

2.2.3  Multi-Component  System 

The  homogeneity  derived  at  the  gel  stage  can  be 
inherited  to  a great  extent  by  gel-derived  glasses  if  the 
glass  conversion  can  be  accomplished  without  considerable 
changes  in  the  cation  distribution  achieved  at  the  gel  stage. 
This  has  stimulated  further  research  leading  to  the 
preparation  of  homogeneous  multicomponent  gels  and 
gel-derived  glasses  [192-194] . The  homogeneity  of  gel-derived 

glasses  in  the  Si02-B2C>3-Na20  system  was  examined  using  laser 
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Figure  2.3  Thermal-compositional  processing 
diagem  for  the  sol-gel  derived 
Na20-Si02  system  [137,  185-187]. 
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light  scattering  by  Mukherjee  and  Mohr  [195].  The  major 
experimental  observation  made  from  these  scattering 
measurements  showed  that  the  gel-derived  glasses  generally 
exhibit  excellent  microhomogeneity.  This  indicates  that  the 
intimate  mixing  inherent  in  the  gel  process  results  in  this 
excellent  microhomogeneity.  A major  problem  in  forming 
homogeneous  multicomponent  gels  is  the  unequal  hydrolysis  and 
condensation  rates  of  the  metal  alkoxides  used. 
Tet raethylorthosilicate  (TEOS) , for  instance,  can  require 
more  time  for  gelation  while  titanium  and  zirconium  alkoxides 
tend  to  precipitate  almost  immediately  under  similar 
conditions  [196].  So,  TEOS  is  generally  prehydrolyzed  under 
acid  conditions  prior  to  adding  the  faster  hydrolyzing  second 
alkoxide  in  the  processing  of  multicomponent  gels. 

It  has  been  demonstrated  that  by  controlling  the  rate 
of  hydrolysis  and  condensation,  pore  size  distribution,  pore 
liquid  vapor  pressure,  and  drying  stresses,  a wide  range  of 
size  and  shape  of  optically  transparent  dried  gel  monoliths 
of  Li02-Al203-Si02-TiC>2  and  other  ternary  and  quarternary 

glasses  can  be  made  within  a few-day  processing  schedule 
[131]  . 
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2.2,5  Summary 

The  sol-gel  processing  of  materials  offers  a large 
number  of  advantages.  It  has  a great  potential  in  producing 
glasses,  glass-ceramics  and  ceramics  with  excellent 
performance  in  various  applications.  The  potential  of  this 
processing  is  based  on  the  fact  that  materials  with  high 
homogeneity  and  purity  can  be  made  in  the  forms  of  bulk, 
fiber,  sheet,  coating,  film  and  powder  at  relatively  low 
temperatures . 

This  review  lays  a scientific  basis  for  making 
bioactive  powder  via  sol-gel  processing  where  the  potential 
advantages  discussed  above  will  be  extended  into  the  field  of 
biological  applications. 


CHAPTER  III 
EXPERIMENTAL  METHODS 

3.1  Preparation  of  Gel-Derived  Powders 

Table  3.1  shows  the  compositions  of  Ca0-P2C>5-Si02  gel 
powders  investigated  in  this  study.  The  gel  powders  were 
prepared  from  tetraethyl  orthosilicate  (TEOS)  , triethyl 
phosphate  [OP  (002^)3]  and  calcium  nitrate. 

Previous  studies  used  TMOS  as  the  precursor  for 
silicate  based  gels.  In  part,  This  is  because  the  Si02  yield 
of  tetramethyl  orthosilicate  TMOS  (39.47%)  is  higher  than 
that  of  TEOS  (28.84%),  Consequently,  a lower  amount  of 
alkoxide  will  be  used  and  less  shrinkage  of  the  gel  will 
occur  during  the  subsequent  processing  steps  when  TMOS  is 
used  as  a precursor.  However,  TMOS  is  a flammable  and 
corrosive  liquid  and  may  cause  blindness  if  eye  exposure 
occurs.  Therefore,  TEOS  is  chosen  in  our  work  to  produce 
bioactive  materials  because  it  is  less  hazardous  and  less 
corrosive . 

The  structure  of  a gel  is  generally  established  at  the 
time  of  gelation  [135].  The  type  of  the  alkoxide  precursor  is 
one  of  the  variables  of  major  importance  in  influencing  the 
kinetics  of  hydrolysis  and  condensation  and  determining  the 
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Table  3.1 

Compositions  of  gel-derived  powders 
(in  mol.%) 

Sample  ID  SiC>2  P2O5  CaO 


49S 

50 

4 

46 

54S 

55 

4 

41 

58S 

60 

4 

36 

63S 

65 

4 

31 

68S 

70 

4 

26 

72S 

75 

4 

21 

77S 

80 

4 

16 

81S 

85 

4 

11 

86S 

90 

4 

6 

90S 

95 

4 

1 
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gel  structure  [58,145,183,197-201].  The  nature  of  the 
alkoxide  groups  on  the  silicon  atom  also  influences  the  rate 
constant.  As  a general  rule,  the  longer  and  the  bulkier  the 
alkoxide  group,  the  slower  is  the  hydrolysis  rate  constant 
[202-203]  . For  example,  in  the  case  of  the  hydrolysis  of 
Si(OR)4,  kjj  = 51  X 10-3  1 • mole--*-,  sec--*-'  [H+]-1  for  R = 
C2H5  and  kfj  = 3 x 10-3  1-mole-1  • sec- 1 • [ H+ ] - 1 for  R = 
(CH3) 2CH  (CH2) 3CH (CH3) CH2 . From  this  point  of  view,  using  TEOS 
rather  than  TMOS  as  precursor  to  develop  multicomponent  gels 
usually  results  in  a slower  rate  constant.  Therefore,  there 
is  a longer  time  period  to  make  the  hydrolysis  reaction  rate 
match  those  of  other  alkoxides . 

Since  triethyl  phosphite  [P (002115)3]  is  moisture 
sensitive  and  an  irritant,  [OP (OC2H5) 3 ] was  used  instead. 

Calcium  nitrate  is  water  soluble.  It  can  easily 
dissolve  into  and  react  with  a hydrous  solution  of  the 
alkoxide  precursors . 

A schematic  illustration  of  the  sol-gel  processing 
steps  for  the  preparation  of  the  CaO-P 205~Si02  gels  used  in 
this  work  is  shown  in  Figure  3.1.  Nitric  acid  was  used  as  a 
catalyst  to  adjust  the  hydrolysis  reaction  rate  of  TEOS. 
Acetic  acid  and  hydrochloric  acid  were  tried  but  rejected  as 
they  resulted  in  a much  longer  hydrolysis  reaction  period. 

The  amount  of  water  for  hydrolysis  has  a dramatic 
influence  on  gelation  time  (Figure  3.2)  from  Colby  et  al . 
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Figure  3.1 


Schematic  illustration  of  sol-gel  method 
producing  gel  powders. 
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R ratio 


Figure  3.2 


Variation  of  the  gelation  time  with  the 
R ratio  (#  mole  water/#  mole  silicon 
alkoxide)  [204 ] . 
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[204] . For  a R ratio  (#mole  water/  #mole  silicon  alkoxide)  of 
2,  tgei  (gelation  time,  defined  as  the  time  when  the  sol 
becomes  a gel  which  can  support  a stress  elastically)  is 
about  7 hours  (gelation  process  at  70°C  with  HF  as  catalyst) 
and  decreases  to  10  minutes  for  R = 8 [204] . For  low  water 
contents,  generally  an  increase  of  the  amount  of  hydrolysis 
water  decreases  the  gelation  time,  although  there  is  a 
dilution  effect.  It  can  be  predicted  [197]  that  for  higher 
water  content,  the  gelation  time  increases  with  the  quantity 
of  water.  The  location  of  the  minimum  in  the  curve  tgei  vs  R, 
such  as  shown  in  Figure  3.2,  depends  on  the  chemical 
compositions,  catalyst,  and  temperature  of  the  solution. 

The  R ratio  in  this  study  (#  of  moles  water/  # of  moles 
[TEOS  + OP(OC2H5)3]  was  optimized  carefully  as  both  lower  and 
higher  R ratios  usually  result  in  an  incomplete  hydrolysis 
reaction  depending  on  the  types  of  alkoxides  used.  In  our 
study,  the  experimental  results  showed  that  when  the  R ratio 
approached  8,  the  hydrolysis  reaction  was  completed  within 
3-4  hours,  resulting  in  a homogeneous  sol.  A reasonable  aging 
and  drying  schedule  then  could  be  applied  and  monolithic  gel 
samples  with  higher  silica  content  could  be  obtained. 

A major  problem  in  forming  homogeneous  multicomponent 
gels  is  the  unequal  hydrolysis  rate  of  various  metal 
alkoxides.  In  order  to  achieve  high  homogeneity,  different 
mixing  sequences  were  tried.  The  final  sequence  that  ensures 


60 


the  homogeneity  of  the  multicomponent  gels  is  as  follows.  At 
first,  a certain  amount  of  TEOS,  which  depends  on  the  gel 
composition,  water  and  nitric  acid  were  mixed  in  a covered 
glass  beaker.  A magnetic  stirring  bar  at  medium  speed  was 
used  during  the  mixing.  The  solution  was  immiscible  at  the 
beginning,  but  soon  became  clear.  No  alcohol  was  used  as  the 
solvent  since  it  was  not  effective  in  achieving  miscibility. 

After  an  hour,  OP  (002*15)3  was  added  to  the  solution. 
The  calcium  nitrate  was  first  dissolved  in  water  and  added  to 
the  solution  after  another  one  hour  of  mixing.  The  solution 
was  stirred  for  an  additional  hour,  and  then  maintained  quiet 
for  half  an  hour.  The  resultant  clear  and  bubble-free  sol  was 
cast  into  polyethylene  containers  and  placed  inside  an  oven, 
where  the  sol  was  gelled  and  aged.  The  aged  gel  was  then 
dried  with  a schedule  shown  in  Figure  3.3.  In  principle,  the 
heating  schedule  is  important  for  drying  gel  monoliths,  but 
is  relatively  unimportant  for  making  gel  powders.  The  dried 
gel  samples  were  placed  in  a silica  crucible  and  densified  in 
a box  furnace  at  a temperature  range  of  600°C  to  700°C  for 
several  hours  (schedule  shown  in  Figure  3.4)  under  a slow 
steady  flow  of  nitrogen.  The  use  of  a nitrogen  atmosphere  is 
to  prevent  gel  samples  from  forming  and  crystallizing 
carbonate  hydroxyapatite  on  their  surface  during  the  heat 
treatment.  The  densified  samples  were  finally  ground  into 
powders  with  a particle  size  range  of  100  to  700  microns. 


Temperature  (°C) 
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Figure  3.3  Drying  schedule  of  gel-derived 
powders . 


Temperature  (°C) 
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Figure  3.4  Densification  schedule  of  gel-derived 
powders . 
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1^2. -In  Vitro  Testing 

Previous  investigations  indicate  that  the  essential 
condition  for  a material  to  bond  with  bone  is  the  formation 
of  a surface  hydroxyapatite  layer  in  the  body  environment 
[39]  . Therefore  the  powders  made  as  described  above  must 
undergo  an  in-vitro  solution  test  of  hydroxyapatite  formation 
in  order  to  evaluate  the  potential  bioactivity  of  the 
material . 

There  are  several  quality  assurance  test  procedures 
which  can  be  used  as  an  in-vitro  test  for  bioactivity.  For 
example,  the  bulk  Bioglass  quality  test  procedure  has  been 
established  for  many  years  [205].  This  Bioglass  reaction 
procedure  includes  (a)  rinsing  a cast  Bioglass  disk  with 
reagent-grade  acetone  followed  by  air  drying,  (b)  suspending 
the  sample  in  a tris  (hydroxymethyl)  aminomethane  buffered 
solution  at  37°C,  (c)  removing  the  sample  from  the  solution, 
dipping  in  reagent-grade  acetone  to  stop  the  reaction,  and 
allowing  to  air  dry,  and  (d)  using  a Fourier  Transform 
Infrared  Spectrometer  (FTIR)  to  record  the  spectrum  of  the 
reacted  surface  between  the  wave  numbers  1400  cm-1  and  400 
cm--*-  on  the  sample. 

The  QA  test  procedure  for  powders  is  similar  to  the 
bulk  QA  test  procedure  described  above,  but  it  can  be  divided 
into  two  types:  static  and  dynamic.  In  static  quality 
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assurance  test  procedures,  the  tris-buf fered  solution  is  not 
moving,  whereas  in  dynamic  quality  assurance  procedures,  the 
solution  is  in  constant  motion.  Although  the  dynamic  QA 
procedures  are  more  complicated,  they  usually  give  more 
reliable  and  reproducible  results  than  the  static  [206] . In 
our  test,  a modified  dynamic  quality  assurance  procedure  was 
utilized.  Powders  were  dipped  directly  into  the  tris-buf fered 
solution  in  a Nalgene®  polyethylene  wide  mouth  bottle  with  a 
screw  cap.  The  bottle  was  mounted  in  an  incubator  shaker  ( 
Model  3528-5,  Lab-Line  Instruments,  Inc.).  This  shaker  has 
both  speed-control  and  temperature-control  systems  which  is 
designed  to  deliver  orbital  motion  in  a controlled 
temperature  environment.  The  operating  temperature  was  set  at 
37°C  ± 1°C  and  the  speed  of  circular  motion  was  kept  at  220 
rpm  at  which  the  powders  were  just  suspending  in  the  solution 
but  not  severely  colliding  with  each  other  and  with  the  wall 
of  the  bottle  which  might  damage  the  surface  layer.  This 
dynamic  QA  test  procedure  allows  the  tris-buf fered  solution 
to  surround  and  react  with  powders  continuously  and 
uniformly . 

After  a certain  period  of  reaction  time,  the  resultant 
reacted  powders  were  removed  from  the  bottle,  rinsed,  dried 
and  then  examined  by  Fourier  Transform  Infrared  Reflection 
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(FTIR)  Spectrometer  (Nicolet  20XB)  with  a diffuse  reflectance 
stage  to  determine  whether  or  not  the  sample  formed  a 
hydroxyapatite  surface  layer;  i.e.  is  bioactive.  The  spectrum 
between  the  wave  numbers  1400  cm-l  and  400  cm“l  on  the  sample 
was  recorded.  Accumulation  of  128  scans  were  used  to  give 
good  resolution.  If  the  sample  is  very  bioactive,  the 
sample's  silicon-oxygen-silicon  rocking  (475  cm-1)  peak  is 
diminished  in  the  reacted  sample  and  replaced  by  the 
hydroxylapatite  (598  cm-1  and  566  cm-1)  characteristic  peaks 
[207]  . 

To  ensure  that  the  gel  powders  did  not  undergo  any 
reaction  prior  to  in-vitro  testing,  unreacted  powders  were 
tested  by  FTIR  as  well. 

X-ray  diffraction  (XRD)  was  also  used  to  confirm  the 
formation  of  the  HA  crystalline  phase. 

3...  3 Characterization  Measurements 
3.. .3.1  Thermal  Analysis 

Thermal  analysis,  Thermogravimet ric  Analysis  (TGA)  and 
Differential  Thermal  Analysis  (DTA)  were  conducted  on  the 
dried  gel  powders  by  using  a Dupont  951  thermogravimetric 
analyzer  and  910  differential  scanning  calorimetry  unit 
equipped  with  a 1600°C  differential  thermal  analyzer  cell. 
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Each  unit  was  connected  to  a 1090  thermal  analyzer  from 
Dupont  Instruments.  The  atmosphere  was  compressed  dried  air 
and  the  heating  rate  was  5°C/min . The  gel  was  dried  at  180°C 
and  ground  into  fine  powders  before  analysis . 

3.3.2  Structural  Analysis 

X-ray  diffraction  (XRD)  was  used  to  study  the  partially 
densified  powders  both  before  and  after  reactions  in  the 
t ris-buf f ered  test  solutions.  The  sample  powders  were  ground 
to  approximately  20  to  60  micronmeters  and  mounted  on  a glass 
slide  using  collodion-amylacetate  solution.  The  specimens 
were  allowed  to  air  dry  for  one  hour  and  then  examined  under 
XRD.  To  ensure  that  the  solution  did  not  react  with  the 
powders,  or  at  least  the  reaction  was  sufficiently  minimized, 
the  samples  were  prepared  just  prior  to  XRD  examination.  The 
XRD  range  was  from  5 to  85  degrees  20  at  a rate  of  3 degrees 
per  minute,  using  Cu-Ka  radiation  and  operated  at  40KV. 

The  surface  area,  the  total  pore  volume  and  the  pore 
sizes  were  measured  using  an  automatic  gas  adsorption 
instrument,  a Quantachrome  Model  Autosorb-6.  This  machine 
operates  with  nitrogen  gas  as  adsorbate.  It  degasses  the 
sample  and  measures  the  volume  of  nitrogen  adsorbed  onto 
(vads)  or  desorbed  from  (V^g)  the  adsorbent  surface  as  a 
function  of  relative  pressure.  The  samples  were  ground  into 
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fine  powders  and  outgassed  in  the  testing  cell  at  150°C  for 
1.5  to  2 hours  before  the  measurement.  Through  the  Autosorb 
Data  Acquisition  mode,  all  the  BET  data,  such  as  specific 
surface  area,  total  pore  volume  and  average  pore  radius  etc. 
were  automatically  printed.  The  multi-point  measurement 
usually  takes  20  hours. 

Gas  (especially  nitrogen)  adsorption  techniques  and  the 
BET  theory  have  been  extensively  applied  to  the  study  of  the 
structure  of  silica  gels  [208-212]  . Results  from  these 
previous  studies  were  compared  with  the  bioactive  gel-derived 
glasses  and  used  as  the  basis  of  interpretation  of  the  data. 

3.3.3 — Solution  Behavior  Measurement 

The  pH  of  the  reacted  tris-buf f ered  solution  was 
measured  by  an  EA  920  Expandable  ionAnalyzer  (Orion 
Research) . 

The  variation  of  concentration  of  Si,  P,  Ca  and  Na  ions 
in  the  tris-buf fered  solutions  during  reaction  were 
quantitatively  analyzed  by  Inductively  Coupled  Plasma  (IL 
Plasma  200)  atomic  emission  spectrometry.  Aqueous  samples 
were  nebulized  by  a normal  method  and  all  the  data  including 
the  location  and  the  intensity  of  the  emission  lines  in  the 
conventional  UV-visible  region  of  the  spectrum  were  processed 
and  printed  out  by  the  IL  PDS-1  Plasma  Data  System. 
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Quantitative  emission  analyses  demand  precise  control 
of  many  variables  involved  in  sample  preparation  and 
excitation.  In  addition,  quantitative  measurements  require  a 
set  of  carefully  prepared  standards  for  calibration;  these 
standards  were  prepared  to  approximate  as  closely  as  possible 
the  composition  and  physical  properties  of  the  gel-derived 
samples  to  be  analyzed. 


CHAPTER  IV 

CHARACTERISTIC  FEATURES  OF  GEL-DERIVED  POWDERS 

4_J. Thermal  Properties 

In  Differential  Thermal  Analysis  (DTA) , temperature 
differences  relative  to  a thermally  inert  material  are 
measured  during  heating  of  a sample.  The  DTA  curve  records 
these  differences  during  the  heating,  showing  thermal  effects 
as  deviations  from  the  zero  line.  The  weight  changes  of  the 
samples  during  heating  can  also  be  measured  using  a 
thermogravimetric  analyzer  (TGA) . 

Figure  4.1  shows  the  DTA  and  TGA  curves  of  58S 
gel-derived  powders  after  drying  at  180°C.  The  dried  gel  is 
essentially  an  agglomerate  of  particles  which  contains  micro- 
and  macro-pores.  The  sample  still  contains  a considerable 
amount  of  liquid  which  is  usually  a mixture  of  water,  both 
physically  and  chemically  absorbed,  and  residual  alcohol.  The 
surface  of  the  dried  gels  is  generally  terminated  by  hydroxyl 
groups,  the  silanols. 

In  the  DTA  curve,  two  broad  endothermic  peaks  were 
observed  in  the  temperature  range  between  80°C  to  150°C  and 
450  C to  550  C.  The  former  peak  results  from  the  evaporation 
of  physically  absorbed  water,  the  residual  alcohol  entrapped 
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Figure  4.1  DTA  and  TGA  of  58S  gel-derived  powders. 
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in  the  pores  of  the  gel  and  possibly  the  dehydration  of 
Ca(N03>2  which  was  used  as  one  of  the  starting  materials. 

The  higher  temperature  peak  results  from  the 
decomposition  of  the  calcium  nitrate.  Duval  [213]  reported 
that  when  calcium  nitrate,  Ca (NO3 ) 2 • 4H20,  is  heated  slowly, 
it  remains  unchanged  up  to  90°C  then  dehydrates  smoothly  up 
to  160°C.  The  anhydrous  salt  is  stable  as  far  as  475°C; 
beyond  this  temperature  NO2  is  given  off. 

The  exothermic  peak  at  about  900°C  is  due  to 
crystallization  of  the  hydroxyapatite.  Since  DTA  is  a dynamic 
method  and  the  sample  is  heated  continuously,  the  true 
characteristic  crystallization  temperature  may  be  delayed. 
The  factors  which  influence  the  DTA  data  are  heating  rate, 
reference  material  and  furnace  atmosphere  etc.  The  heating 
rate  in  our  experiment  was  5°C/min,  the  reference  material 
was  alumina  and  the  furnace  atmosphere  was  compressed  air. 

The  TGA  curve  of  58S  gel-derived  powders  (Figure  4.1) 
shows  a substantial  weight  loss  in  the  temperature  region 
corresponding  to  the  endothermic  DTA  peak,  indicating  a large 
portion  of  water  and  residual  organic  material  were  being 
removed.  The  weight  loss  continued  until  600°C  caused  by 
decomposition  of  calcium  nitrate  and  dehydration  of  surface 
silanols . 
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1.2  X-rav  Diffraction  Spectra  Analysis 

Figure  4.2  shows  the  X-ray  diffraction  spectra  of  the 
gel-derived  powders  with  the  various  compositions  listed  in 
Table  3.1.  All  the  samples  were  dried  at  180°C  and  then 
further  heat  treated  at  600°C  for  3 hours.  The  X-ray 
diffraction  spectrum  of  a standard  bioactive  glass  (45S5 
Bioglass®)  is  also  shown  in  the  same  figure  for  comparison. 
The  melt-derived  Bioglass®  shows  no  X-ray  diffraction  peaks, 
only  a very  broad  hump  characteristic  of  an  amorphous  solid. 

In  the  X-ray  diffraction  pattern  (through  film 
techniques)  of  hydroxyapatite,  three  most  intense  diffraction 
lines  are  located  at  20  angles  of  31.78°  (I/I1=100%),  32.20° 
(I/Il=60%)  and  32.91°  (I/Ii=60%)  respectively.  However,  these 
lines  occur  at  such  close  intervals  that  they  do  not 
separately  resolve  in  the  diffraction  spectra.  In  the  spectra 
of  49S  and  54S  gel-derived  powders,  a small  peak  at  a 20  of 
32°  (±  0.5°)  is  observed.  This  indicates  that  there  was  a 

very  small  amount  of  hydroxyapatite  formed  on  the  surface  of 
these  compositions  during  heat  treatment.  The  peak  intensity 
is  not  strong  enough  to  establish  the  extent  of  crystalline 
order  of  the  hydroxyapatite  phase.  All  the  other 
compositions  of  gel-derived  powders  show  a completely 
amorphous  X-ray  spectra  similar  to  that  of  the  melt  derived 
bioactive  glass. 


Intensity  (Variable  Scale) 


73 


Figure  4.2  X-ray  diffraction  spectra  of  gel-derived 
powders  after  heating  to  600°C  and  45S5 
Bioglass®  made  by  melt  method. 
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4.3  FTIR  Reflectance  Spectra 

Fourier  transform  infrared  (FTIR)  reflectance 
spectroscopy  yields  structural  information  and  also  an 
analytical  technique  for  surface  compositional  analysis 
because  the  penetration  depth  of  the  infrared  beam  is  less 
than  1 Jim.  This  technique  is  rapid,  non-destructive,  no 
vacuum  is  required,  and  samples  of  any  dimension  and  even 
powders  can  be  analyzed.  The  technique  gives  information 
about  the  change  in  composition  as  well  as  the  structural 
modifications  that  occur  on  the  surface  accompanying 
compositional  changes . 

The  powders  derived  by  sol-gel  processing  were  analyzed 
using  FTIR  before  and  after  in-vitro  testing. 

Figure  4.3  shows  the  reflectance  spectra  of  a series  of 
gel-derived  powders  after  being  heated  at  600°C  for  3 hours 
but  before  the  in-vitro  test. 

The  FTIR  reflectance  spectra  of  gel-derived  powders 
have  been  characterized  basically  by  the  peaks  of  silica 
oxides  at  the  wavenumbers  of  1202  cm-1,  1090  cm-1,  800  cm'1 
and  482  cm-1.  The  most  intense  1090  cm-1  and  1202  cm-1  bands 
correspond  to  the  TO  (transverse  optical)  and  LO 
(longitudinal  optical)  modes  of  the  asymmetric  Si-O-Si 
stretching  vibrations  respectively,  the  800  cm-1 


band  is 
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Wavenumber 

(cm-1) 

Figure  4.3  FTIR  spectra  of  gel-derived 

powders  after  heating  to  600°C. 
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assigned  to  symmetric  Si-0  stretching  vibration  and  the 
strong  482  cm-l  band  is  assigned  to  a Si-O-Si  bending 
vibration  mode  [214-216]  . 

Under  certain  circumstances,  some  other  peaks  can  also 
be  seen  in  the  spectra.  The  peak  at  1025  cm“l  is  assigned  as 
a Si-0  stretching  vibration  with  one  non-bridging  oxygen  in 
the  [Si04]  unit  and  the  peak  at  938  cm-1  is  attributed  to  a 
Si-0  stretching  vibration  in  a [Si04]  unit  with  two 
non-bridging  oxygens  [217]  . Si-OH  stretching  of  terminal 
silanol  groups  occurs  at  950  cm-1  [216] . 

In  the  spectra  of  gel-derived  77S,  72S,  68S  and  63S 
samples,  which  contain  more  silica,  only  four  basic  peaks  of 
silicon  oxides  can  be  observed  at  1202  cm-1,  1090  cm-1,  800 
cm-1  and  482  cm-1. 

It  is  proposed  that  the  basic  structure  of  gel-derived 
powders  is  composed  of  symmetrical  SiC>4  tetrahedra.  Adjacent 
tetrahedra  are  connected  together  at  common,  or  bridging, 
oxygen  atoms.  The  relative  position  of  two  such  adjacent 
units  may  vary  considerably  because  of  two  disordering 
mechanisms:  first  the  Si— O— Si  angle  can  take  any  value  from 
about  120°  to  180°;  secondly,  each  tetrahedral  unit  may  take 
on  a range  of  possible  positions  formed  by  a rotation  about 
the  appropriate  Si-0  bond. 

When  CaO  is  added  and  its  content  is  increased,  the 
structural  network  becomes  more  complicated.  Calcium  ion  is  a 


77 


network  modifier.  When  added  to  the  composition,  CaO  breaks 
the  silicate  glass  network  and  creates  more  non-bridging 
oxygens.  As  a result,  when  CaO  content  reaches  certain  values 
such  as  36  mol.%  CaO  in  58S,  two  peaks  around  1025  cm”!  and 
938  cm-1  resulting  from  the  Si-0  stretching  vibration  with 
one  non-bridging  oxygen  and  Si-0  with  two  non-bridging 
oxygens  respectively,  start  to  appear.  Their  intensities 
increase  with  the  increasing  CaO  content  as  shown  in  Figure 
4.3  indicating  that  the  increased  calcium  ion  content 
decrease  the  network  connectivity  and  gradually  "loosens"  the 
gel  structure. 

In  glasses  containing  calcium,  one  may  expect  a slight 
increase  of  Si-0  bond  length  which  minimizes  the  force 
constant  of  the  stretching  vibration,  and  therefore,  its 
wavenumber  [218].  In  gel-derived  gel  powders  (Figure  4.3), 
however,  those  changes  can  hardly  be  seen  with  the  increasing 
calcium  content  (i.e.  the  decreasing  of  the  silica  content). 

Characterization  of  Texture 

The  surface  area,  the  total  pore  volume  and  the  average 
pore  radii  of  the  gel-derived  powders  were  measured  using  the 
automatic  Quanta  Chrome  Autosorb-6  instrument.  Table  4.1 
shows  the  BET  data  of  a series  gel-derived  powders  after 
heating  at  600°C  for  3 hours. 
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Table  4.1 

BET  data  of  gel-derived  powders 
after  heating  to  600°C 


Sample 

ID 


Surface 

Area 

(m2/g) 


Total 

Pore  Volume 
(cm3/g) 


Average 
Pore  Radius 
(A) 


4 9S 

203 

0.57 

57 

54S 

213 

0.53 

50 

58S 

289 

0.49 

34 

63S 

324 

0 .44 

27 

68S 

326 

0.41 

25 

72S 

380 

0.38 

20 

77S 

431 

0.32 

15 

81S 

547 

0.37 

14 

86S 

627 

0.45 

14 
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Surface  area  plays  an  important  role  in  bioactivity  of 
biomaterials.  The  previous  investigations  [78]  of 
melt-derived  glasses  show  that  if  the  surface  area  that 
developed  on  glasses  in  simulated  test  solutions  is  in  the 
range  of  200-500  m^/g,  they  bond  with  bone  in-vivo  within  10 
to  30  days.  In  contrast,  if  the  surface  area  develops  less 
than  0.1  m^/g  when  exposed  to  simulated  test  solutions,  the 
compositions  of  glass  do  not  bond  to  bone  and  are  not 
bioactive . 

Compared  with  conventional  Bioglass®,  all  the  sol-gel 
derived  powders  initially  have  considerably  larger  surface 
areas,  ranging  from  200  m^/g  to  650  m^/g,  which  increase  even 
more  after  reactions  in  tris-buf f ered  solutions  (See  Chapter 
VI) . Therefore,  the  gel-derived  powders  are  predicted  to  be 
good  candidates  for  bioactive  materials  based  upon  earlier 
work  [78] . 

The  total  pore  volume  of  the  powders  ranges  between  0.3 
and  0.6  cm^/g  and  basically  decreases  with  increasing  SiC>2 
content.  The  average  pore  radii  varies  from  1.4  nm  to  6.0  nm 
for  the  various  compositions  and  also  decreases  with 
increasing  SiC>2  content  as  shown  in  Figure  4.4. 

The  general  trend  of  the  surface  area  of  gel-derived 
powders  increaseing  with  the  SiC>2  content  demonstrated  in 
Figure  4.5,  was  also  found  in  the  Na20— Si02  binary  system 
[188],  though  the  latter  was  made  from  TMOS  with  a different 
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R ratio  and  the  preparative  conditions  are  not  comparable. 
The  surface  area  of  dried  Na20-SiC>2  gels  varied  as  a function 
of  SiC>2  content  is  shown  in  Figure  4.6.  The  surface  area 
increased  with  Si02  content  drastically.  In  contrast,  in  the 
Ti02-SiC>2  system  [219]  , there  was  no  significant  changes  in 
surface  area  with  increasing  SiC>2  content  for  the  dried 
Ti02_SiC>2  gels.  This  demonstrates  that  structures  of  silicate 
based  gels  change  differently  when  second  components  are 
introduced  into  the  pure  silica  gel  system. 

Silica  gels  are  essentially  agglomerates  of  elementary 
particles  of  SiC>2,  the  size  of  which  may  be  about  10  nm 
depending  on  the  composition.  The  aggregates  of  particles 
formed  by  primary  particles  are  so-called  secondary  particles 
[171].  It  is  well  known  that  CaO  is  a glass  modifier  as  well 
as  Na20.  When  added  to  a pure  silica  system,  both  break  the 
SiC>2  network  and  loosen  the  structure  which  may  cause  an 
increase  in  particle  size  resulting  in  an  increase  in  pore 
size  and  increase  in  total  pore  volume  of  the  gel  network.  In 
BET  theory,  the  surface  area  is  proportional  to  the  total 
pore  volume  and  inversely  proportional  to  the  pore  size.  The 
decrease  in  surface  area  of  the  gel-derived  powders  with  an 
increasing  CaO  content  suggests  that  the  effect  of  CaO 
content  on  the  average  pore  size  outweighs  that  of  the  total 
pore  volume.  In  contrast,  Ti02  is  a glass  network  former 
which  does  not  break  up  the  silica  network  and  loosen  the 
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structure  so  it  is  reasonable  that  the  effect  of  TiC>2  as  a 
second  component  differs  from  Na20  or  CaO.  Binary  Si02-P2C>5 
sol-gel  systems  have  not  been  studied.  Therefore,  there  is 
little  information  from  which  to  generalize  the  findings  of 
this  study  to  other  systems . 

Pure  silica  dried  gels  have  surface  areas  between  300 
m^/g  to  760  m^/g  depending  on  the  preparative  conditions,  the 
catalyst  used,  the  R ratio  and  the  schedules  of  aging,  drying 
and  densif ication  [140,142,220]. 


CHAPTER  V 

BIOACTIVITY  OF  GEL-DERIVED  POWDERS 
LJ. INTRODUCTION 

Bioactivity  is  the  characteristic  of  an  implant 
material  which  allows  it  to  form  a bond  with  living  tissues 
[30,34].  Materials  that  are  not  bioactive  form  a nonadherent 
layer  of  fibrous  tissue  at  the  implant  interface.  In 
contrast,  bioactive  materials  develop  an  adherent  interface 
with  tissues  even  when  the  material  has  a smooth  surface. 
This  type  of  material  with  a controlled  surface  reactivity 
will  induce  a direct  chemical  bond  between  the  implant  and 
surrounding  tissues. 

It  was  found  that  a bioactive  glasses  or  glass-ceramics 
form  a calcium  and  phosphorus-rich  layer  which  consists  of 
small  crystallites  of  hydroxyapatite  [39]  on  its  surface  in  a 
simulated  body  fluid  (i.e.  in  the  so-called  QA  test  or 
in-vitro  test,  see  Chapter  III)  but  non-bioactive  glasses  or 
glass-ceramics  do  not  have  this  character.  Therefore,  the 
formation  of  a surface  hydroxyapatite  layer  in  a simulated 
body  environment  [39]  can  be  considered  as  the  essential 
condition  for  materials  such  as  glasses  or  glass-ceramics  to 
bond  to  bone.  Bioactivity  can  thus  also  be  defined  as  the 
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ability  of  a material  to  form  a surface  hydroxyapatite  layer 
in  a controlled  simulated  body  fluid. 

Accordingly,  bioactivity  or  hydroxyapatite  formation  of 
the  gel-derived  powders  in  this  work  was  determined  after 
exposure  in  the  tris-buf f ered  solution  for  various  periods  by 
using  FTIR  spectroscopy.  X-ray  diffraction  analysis  and  other 
techniques.  The  relationship  between  the  formation  of  surface 
hydroxyapatite  layer  and  the  composition  of  gel-derived 
powders  and  the  exposure  time  were  investigated. 

5^.2  FTIR  Reflection  Spectra 

Figures  5. 1-5. 4 show  the  FTIR  diffuse  reflectance 
spectra  of  the  gel-derived  powders  of  various  compositions 
after  exposure  to  t ris-buf f ered  solutions  for  1,  2,  4 and  8 
hours  respectively.  Figures  5.5  and  5.6  are  FTIR  spectra  of 
the  7 7 S gel-derived  powders  after  reaction  in  the 
tris-buf fered  solutions  for  1 and  6 days  respectively.  The 
FTIR  spectrum  for  the  86S  gel-derived  powders,  which  contain 
90  mol . % SiC>2 , 4 mol.%  P2O5  and  6 mol.%  CaO,  after  an 
exposure  time  of  7 days  in  the  in-vitro  test  solution  is 
shown  in  Figure  5.7. 

As  a comparison,  the  FTIR  spectrum  for  45S5  Bioglass® 
powder  derived  by  the  conventional  melt  method  before 
reaction  in  the  tris-buf fered  solutions  is  illustrated  in 
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Figure  5.1  FTIR  spectra  of  gel-derived  powders 
with  various  compositions  after 
1-hour  reaction. 
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Figure  5.2  FTIR  spectra  of  gel-derived  powders 
with  various  compositions  after 
2-hour  reaction. 
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Figure  5.3  FTIR  spectra  of  gel-derived  powders 
with  various  compositions  after 
4-hour  reaction. 
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Figure  5.4  FTIR  spectra  of  gel-derived  powders 
with  various  compositions  after 
8-hour  reaction. 
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Figure  5.5  FTIR  spectrum  of  77S  gel-derived 
powders  after  1-day  reaction. 
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Figure  5.6  FTIR  spectrum  for  77S  gel-derived 
powders  after  6-day  reaction. 
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Figure  5.7  FTIR  spectrum  of  86S  gel-derived 
powders  after  7-day  reaction. 
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Figure  5.8  with  the  appropriate  peak  assignments.  Figure  5.9 
depicts  two  FTIR  spectra  of  melt-derived  glass  powders,  45S5 
Bioglass®  and  60S  which  contains  60  mol . % SiC>2,  after  20 
hours  in  tris-buf fered  solutions. 

In  principle,  conventional  Bioglasses®  contain  less 
than  60  mol.%  SiC>2,  have  a high  Na£0  and  CaO  content  and  a 
high  calcium/phosphorus  (Ca/P)  ratio.  For  instance,  45S5 
Bioglass®  contains  24.5  wt  % Na2<9,  24.5  wt  % CaO  and  a Ca/P 
ratio  of  5.2.  When  those  materials  in  the  form  of  either  bulk 
or  powder  are  exposed  to  water  or  body  fluids,  several  key 
reactions  occur  in  the  system.  There  is  a cation  exchange  of 
Na+1  and  Ca  + 2 cations  from  the  glass  for  protons  in  the 
solution  producing  silanol  groups  by  hydrolysis  of  the 
surface  silica  [87] . 

The  cation  exchange  also  increases  the  hydroxyl 
concentration  of  the  solution  which  leads  to  attack  of  the 
silica  glass  network  producing  additional  silanol  formation 
and  controlled  interfacial  dissolution  [63].  As  the 
interfacial  pH  becomes  more  alkaline,  the  hydrolyzed  surface 
silanol  groups  repolymerize  producing  a silica  rich  surface 
layer  [63].  Another  consequence  of  the  alkaline  pH  at  the 
glass  solution  interface  is  that  CaO  and  P205,  which  have 
been  released  into  solution  during  network  dissolution, 
crystallize  into  a mixed  hydroxycarbonate  apatite  (HA)  on 
the  surface  [63]  . The  crystallites  of  the  hydroxyapatite 
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Figure  5.8  FTIR  spectrum  of  45S5  Bioglass® 
before  reaction  [66], 
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Figure  5.9  FTIR  spectra  of  45S5  Bioglass®  and 
60S  after  20-hour  reaction  [66]. 
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phase  are  proposed  to  bond  to  interfacial  metabolites  such  as 
mucopolysaccharides  and  collagen  [63].  It  is  hypothesized 
that  this  incorporation  of  organic  biological  constituents 
within  the  growing  HA  and  Si02~rich  layers  appears  to  be  the 
initial  step  in  establishing  bioactivity  and  bonding  to 
tissues  [34 ] . 

Studies  have  shown  that  there  is  a minimum  rate  of 
hydroxyapatite  formation  which  is  necessary  to  achieve 
bonding  with  hard  tissues  [35]  . Both  the  glass  composition 
and  the  microstructure  exert  influences  on  the  development 
and  growth  of  the  HA  phase. 

The  peak  assignments  for  the  spectrum  of  45S5  Bioglass® 
before  the  reaction  are  in  Figure  5.8  (also  see  Chapter  IV). 
Figure  5.9  shows  that  after  reaction,  a pair  of  peaks  from 
hydroxyapatite  are  present  in  the  FTIR  spectrum  from  the  45S5 
Bioglass®  surface.  These  peaks  grow  as  the  broad  Si-O-Na  and 
Si-O-Ca  peaks,  shown  in  Figure  5.8  for  45S5  Bioglass®  before 
reaction,  disappear.  In  contrast,  the  melt-derived  60S 
composition  does  not  develop  any  apatite  layer,  even  after 
several  weeks  in  the  solution  [35]  . In  fact,  the  45S5 
Bioglass®  is  very  bioactive  and  bonds  to  both  hard  and  soft 
tissues  while  60S  is  not  bioactive  and  does  not  bond  to  bone 
or  soft  tissues  [35] . This  result  indicates  that  the  maximum 
SiC>2  content  that  can  be  present  in  melt-derived  glasses  and 
still  exhibit  bioactivity  is  around  60  mole  percent.  As  the 
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SiC>2  content  of  the  standard  melt-derived  bioactive  glasses 
approaches  and  exceeds  60  mole  percent,  the  rates  of  network 
dissolution  and  hydroxyapatite  crystallization  are  retarded 
and  the  bioactivity  is  reduced  and  eventually  eliminated. 

The  only  difference  between  the  spectra  for 
melt-derived  and  the  gel-derived  samples  is  a slight  shift  of 
the  1095  cm-1  Si-O-Si  stretching  vibrational  mode  towards 
lower  frequencies  for  the  gel-derived  powders  (see  Figure 
5.5,  5.6,  5.7,  5.8  and  Figure  5.9)  which  could  in  part  be  due 
to  a certain  degree  of  strain  in  the  Si-O-Si  bridging  bonds 
at  the  surface  of  the  gel  pores.  This  phenomenon  was 
investigated  by  Alneida  et  al . using  Kramers-Kronig  analysis 
[221] . It  has  been  found  that  in  dried  or  partially  densified 
gels  the  Si-O-Si  bridging  sequences  usually  were  strained  at 
the  surface  of  the  gel  pores,  with  larger  bridging  angles  and 
longer  Si-O-Si  bonds,  the  latter  effect  being  dominant.  The 
same  explanation  could  also  be  applied  to  the  shift  to  lower 
frequencies  of  the  peak  at  800  cm  ^ assigned  to  the  symmetric 
Si-O-Si  vibration. 

The  gel-derived  powders  contain  no  Na20.  Comparing 
Figure  5.1  with  Figure  4.3,  which  shows  the  FTIR  reflectance 
spectrum  of  the  gel-derived  powders  before  exposure  to  the 
test  solution,  the  peak  at  950  cm~l,  which  is  associated  with 
the  presence  of  Si-OH  bonds  in  the  tetrahedra  at  the  surface, 
disappeared  during  reaction  of  those  powders  with  a lower 


99 


silica  content,  such  as  49S,  54S  and  58S.  The  loss  of  the 
Si-OH  bonds  indicates  that  a reaction  layer  was  formed.  The 
comparison  also  shows  that  after  only  one  hour  reaction  in 
the  tris-buf fered  solution,  the  peaks  at  1025  cm“l,  assigned 
to  Si-0  with  1 NBO  (non  bridging  oxygen)  , and  938  cm--*- 
assigned  to  Si-O-Si  with  2 NBO,  disappear.  The  symmetric 
Si-O-Si  stretching  vibration  at  about  800  cm-1  is  related  to 
the  Si-rich  surface  layer  newly  formed  through  the 
condensation  reaction  stated  earlier  [217]  . This  peak 
intensity  increases  and  shifts  to  lower  wavenumbers  with 
longer  reaction  times.  The  following  surface  reaction  would 
account  for  this  observation: 

release 

Si-O-Ca-O-Si  > Si-O-  + “O-Si  > Si-O-Si  (5.1) 

of  Ca  ions 

Two  new  peaks  appear  at  598  cm-1  and  566  cm-1  (Figure 
5. 1-5. 4),  which  are  very  similar  to  the  spectrum  of  45S5 
Bioglass®  in  Figure  5.9.  These  two  peaks  are  assigned  as  P-0 
bonding  vibrations  in  the  [P04]  tetrahedra  [207]  and  are 
characteristic  of  a hydroxyapatite  crystalline  phase.  The 
appearance  of  these  vibrational  modes  indicates  that  a 
surface  hydroxyapatite  layer  has  formed.  The  P-0  stretching 
vibration  mode  of  a [PO4]  unit  occurs  in  the  range  of  1030 
cm  1 to  1120  cm-1.  Since  there  is  a strong  vibration  mode  of 
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the  Si-O-Si  bond  in  the  [SiC>4]  tetrahedra  located  at  the  same 
region,  they  are  superimposed  and  it  is  hard  to  distinguish 
the  P-0  vibration  from  the  Si-O-Si  vibration. 

When  gel-derived  powders  with  lower  Si02  content,  such 
as  54S  and  58S,  were  reacted  for  4 hours,  a small  peak 
appears  around  918  cm-1  • This  peak  can  be  assigned  as  a C-0 
vibration  mode  in  CO3-2,  which  results  from  the  CO3-2  anion 
being  taken  from  solution  and  incorporated  within  the  apatite 
crystal  lattice.  Carbonate  solid  solution  is  a well-known 
phenomenon  for  apatite  crystals  [222]. 

With  a reaction  time  of  only  one  hour,  the 
characteristic  hydroxyapatite  peaks  at  598  cm-1  and  566  cm'1 
increase  their  intensities  for  most  compositions,  including 
49S,  54S,  58S,  63S  and  72S  gel-derived  powders.  However,  no 
such  peaks  were  found  for  77S  gel-derived  powders  within  a 
one-hour  reaction  time.  The  intensities  of  those 
characteristic  hydroxyapatite  peaks  decrease  with  increasing 
SiC>2  content  in  the  gel-derived  powder  composition.  The  same 
trend  can  be  observed  after  2,  4 and  8 hours  reaction  (Figure 
5. 1-5. 4) . 

The  peaks  at  598  cm  ^ and  566  cm-1-  increase  their 
intensities  rapidly  with  reaction  time  for  all  compositions 
except  77S,  which  is  indicative  of  extremely  fast  formation 
of  the  hydroxyapatite  phase  on  the  surface  (Figure  5. 2-5. 4). 
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The  Si-O-Si  rocking  vibration  peak  at  482  cm-! 
diminished  for  the  54S  and  58S  gel-derived  powder  samples  and 
replaced  by  the  P-0  bending  vibration  in  the  [PO4]  groups  of 
hydroxyapatite  after  eight  hours  reaction  in  the 
tris-buffered  solutions  (Figure  5.4).  This  indicates  that  for 
both  54S  and  58S  gel-derived  powders  the  formation  of  surface 
hydroxyapatite  layer  is  completed  within  that  period  of  time. 

The  hydroxyapatite  layer  does  not  develop  on  the 
surface  of  the  77S  gel-derived  powders  until  the  reaction 
time  reaches  1 day  (Figure  5.5)  . After  reacting  with  the 
tris-buffered  solution  for  6 days,  the  surface  of  the  77S 
gel-derived  powders  is  totally  covered  by  the  hydroxyapatite 
crystalline  layer,  as  shown  in  Figure  5.6.  The  characteristic 
peaks  at  566  cm-!  ancj  553  cm-l  for  hydroxyapatite  replace  the 
Si-O-Si  rocking  vibration  peak  at  462  cm-!. 

Even  86S  gel-derived  powders,  which  contain  90  mol . % 
SiC>2,  only  4 mol.%  P2O5  and  6 mol . % CaO,  develop  a surface 
hydroxyapatite  layer  after  exposed  to  a tris-buffered 
solution  for  7 days.  It  is  surprising  that  the  gel-derived 
powders  with  such  high  SiC>2  content  can  form  a hydroxyapatite 
surface  layer  after  exposure  in  the  test  solution  within  7 
days,  whereas  the  60S  melt-derived  glass  powders  do  not 
develop  any  hydroxyapatite  surface  layer  even  after  several 
weeks  reaction  [35]  . 
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Thus,  for  conventional  melt-derived  bioactive  glasses 
or  glass-ceramics,  the  SiC>2  compositional  boundary  is  only  60 
mol.%,  but  for  gel-derived  powders  it  is  extended 
considerably  up  to  90  mol.%  silica. 

Since  the  source  of  calcium  and  phosphorus  for  the 
hydroxyapatite  surface  layer  is  the  parent  gel  powders,  it 
should  be  noted  that  as  the  silica  compositional  limit  for 
hydroxyapatite  formation  is  extended,  the  kinetics  or  rate  of 
hydroxyapatite  formation  is  retarded  to  some  extent  as  the 
CaO  content  of  the  gel-derived  powders  decreases.  This  is 
probably  because  the  increase  in  Si02  content  in  the 
composition  is  at  the  expense  of  CaO  content.  For  example, 
the  composition  which  has  90  mol.%  Si02  (86S)  contains  only  6 
mol.%  CaO.  This  is  a small  fraction  (<l/4)  of  the  CaO  content 
in  the  standard  45S5  formula.  Consequently,  the 
interpretation  of  the  influence  of  Si02  content  on 
hydroxyapatite  formation  is  complicated. 

5.^2 X-Rav  Diffraction  Analysis 

The  formation  of  a surface  hydroxyapatite  layer  on  the 
gel-derived  powders  is  confirmed  by  X-ray  diffraction 
analysis . 

Figure  5.10  shows  the  X-ray  diffraction  spectra  for  the 
58S  bioactive  gel-derived  powders  before  and  after  8-hour 
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X-ray  diffraction  spectra  of  45S5 
Bioglass®  and  58S  gel-derived  powdrs 
after  various  reaction  times  in 
tris-buf fered  solution. 


Figure  5.10 
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reaction  in  the  t ris-buf f ered  solutions.  The  X-ray 
diffraction  spectra  of  45S5  Bioglass®  after  reaction  in 
tris-buf f ered  solutions  for  10  hours,  100  hours  and  1500 
hours  are  also  illustrated  in  the  figure  as  comparisons. 

As  mentioned  before,  the  three  most  intense  X-ray 
diffraction  lines  from  hydroxyapatite  are  located  at  20 
angles  of  31.76°  (I/I1=100%) , 32.20°  (I/I1=60%)  and  32.91 
(I/Il=60%) . However,  the  peaks  representing  those  lines  can 
not  be  separately  resolveed  on  the  spectrum  as  they  occur  at 
very  close  intervals.  Instead,  a superimposed  single  strong 
peak  appears  at  a 20  angle  of  32°  (±  0.5  degrees).  The 
spectrum  of  the  unreacted  58S  gel-derived  powders  (58S-0HR) 
exhibits  a slight  peak  at  32°,  which  is  possibly  due  to  the 
effect  of  sintering  temperature  (600°C  for  3 hours)  combined 
with  the  increased  reactivity  of  the  glass.  It  has  been 
noticed  that  even  though  the  crystallization  temperature  for 
58S  is  about  900°C,  as  confirmed  by  its  DTA  curve  (Figure 
4.1),  the  increased  reactivity  of  the  gel-derived  powders  may 
have  resulted  in  so-called  "hydroxyapatite-precursors" 
nucleating  at  lower  temperatures.  Since  the  intensity  is  so 
weak,  the  observed  peak  is  probably  due  to  a small  percentage 
of  partially  ordered  crystallites  on  the  surface. 

In  contrast,  after  reaction  the  58S  gel-derived  powders 
develop  strong  X-ray  diffraction  peaks,  which  index  as 
hydroxyapatite  (JCPDS  card  #9-432)  . It  requires  only  8 hours 
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reaction  in  the  in-vitro  testing  environment  for  the 
hydroxyapatite  layer  to  form.  As  for  45S5  Bioglass®,  the 
spectrum  does  not  show  any  crystalline  pattern  after  reaction 
for  10  hours  (Figure  5.10)  . It  requires  more  than  100  hours 
to  demonstrate  sharp  hydroxyapatite  peaks  for  the 
melt-derived  45S5  Bioglass®  (Figure  5.10). 

The  X-ray  diffraction  spectra  along  with  the  FTIR 
reflection  spectra  suggest  that  the  58S  gel-derived  powders 
have  a very  rapid  rate  of  hydroxyapatite  formation  on  the 
surface.  The  explanation  for  the  rapid  rate  of  HA  formation 
is  the  presence  of  very  small  pores  and  large  surface  area  in 
the  gel-derived  powders  (Table  4.1)  which  will  be  discussed 
in  more  detail  in  the  following  chapters. 

iLJ Solution  Behavior 


.5.4.1 — pH  Variation 

The  development  of  hydroxyapatite  on  the  surface  of  the 
material  is  a time  dependent  phenomenon.  The  rates  of 
formation  of  hydroxyapatite  vary  greatly  for  different 
bioactive  glass  or  glass-ceramics  depending  on  composition 
and  structure.  Both  the  interfacial  solution  pH  and  the  ratio 
of  surface  area  to  solution  volume  will  affect  the  rate  of 
the  formation  of  hydroxyapatite. 
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Figure  5.11  depicts  the  variation  of  pH  of  the 
tris-buf f ered  solution  as  a function  of  reaction  time  for  the 
58S  gel-derived  powders.  It  is  observed  that  there  is  a sharp 
increase  in  pH  at  the  beginning,  i.e.  within  30  minutes.  The 
pH  curve  of  the  solution  then  flattens  and  gradually 
approaches  the  value  of  pH=8 . 1 by  250  minutes. 

The  58S  gel-derived  powders  contain  no  Na2<3  which  is 
typically  ascribed  to  be  the  reason  for  the  pH  change  of 
bioactive  glass  solutions  [63]  . However,  CaO  is  present  in 
the  gel-derived  powders.  Figure  5.11  indicates  that  there  is 
a cation  exchange  of  Ca+2  cations  from  the  powders  for 
protons  or  hydroniums  in  the  solution  producing  silanols  on 
the  surface  of  the  powders,  i.e., 

Si-O-Ca-O-Si  +2H2O  ->  2Si-OH  + Ca+2  + 20H-1  (5.2) 

It  is  this  cation  exchange  reaction  that  causes  the 
increase  of  the  hydroxyl  group  concentration  in  the  solution. 
Since  the  gel-derived  powders  are  porous  with  a huge  surface 
area  (Table  4.1),  consequently,  they  are  very  reactive  and 
the  rate  of  equation  5.2  is  very  rapid.  This  may  explain  the 
sharp  increase  in  pH  at  the  early  stages  of  the  exposure.  As 
the  interfacial  pH  becomes  more  alkaline,  the  following 
repolymerization  reaction  occurs: 


Figure  5.11  Variation  of  pH  as  a function  of 
reaction  time  of  58S  gel-derived 
powders . 
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2SiOH  ->  Si-O-Si  + H20  (5.3) 

The  variation  of  pH  of  the  testing  solution  as  a 
function  of  reaction  time  for  45S5  Bioglass®  powders  prepared 
by  melting  and  crushing  is  demonstrated  in  Figure  5.12.  These 
are  non  porous  powders.  The  increase  in  pH  does  not  appear  as 
sharp  as  that  for  the  58S  gel-derived  powders,  but 
continuously  changes  its  value  with  the  reaction  time  (Figure 
5.12).  The  pH  continually  increases  its  value  and  reaches 
7.95  after  a reaction  time  of  500  minutes.  The  increase  in  pH 
is  due  to  cation  exchange  of  both  Na+1  and  Ca  + 2 from  the 
glass  for  protons  or  hydronium  ions  in  the  solution  as 
mentioned  earlier. 

McGrail  [69]  found  the  ion  exchange  of  cation  ions  from 
glass  for  protons  or  hydronium  ions  to  be  independent  of  pH 
in  the  interval  from  pH=6  to  pH=9.  Silica  dissolution  occurs 
at  pH  of  9 and  increases  rapidly  above  this  pH  [61].  The  pH 
of  the  reacted  solution  remains  at  8.1  after  8 hours  reaction 
for  the  58S  gel-derived  powders.  This  suggests  that  the  ion 
exchange  reaction  proceeds  very  rapidly  at  the  early  stage 
for  the  gel-derived  58S  powders  after  exposure  to  the 
tris-buffered  solution. 
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Figure  5.12  Variation  of  pH  as  a function  of 
reaction  time  of  45S5  Bioglass® 
powders . 
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5.4.2 TCP  Analysis 

The  calcium  (Ca)  , phosphorus  (P),  sodium  (Na)  and 
silicon  (Si)  ion  concentrations  in  the  reacted  solutions  were 
measured  by  Inductively  Coupled  Plasma  (ICP)  analysis. 
According  to  the  estimated  concentrations  of  various  ions  of 
unknown  samples,  wavelengths  of  emission  lines  were  chosen  at 
317.83  nm,  213.62  nm,  589.59  nm  and  288.16  nm  for  Ca,  P,  Na 
and  Si  ions  respectively.  The  emission  types  were  atomic  for 
all  ions  except  for  the  Ca+2  ion,  which  is  ionic. 

The  variation  in  solution  concentration  of  these  ions 
as  a function  of  reaction  time  for  58S  gel-derived  powders 
are  in  Figures  5.13,  5.14,  5.15  and  5.16.  Figures  5.17,  5.18, 
5.19  and  5.20  are  the  variations  of  Na,  Ca,  P and  Si  ions  in 
the  tris-buf f ered  solutions  as  functions  of  reaction  time  for 
melt-derived  45S5  Bioglass®  powder  samples.  The  ICP  data  for 
45S5  Bioglass®  bulk  samples  were  reported  by  Kim  [66]  and  are 
also  plotted  in  Figure  5.17  to  5.20  for  comparison.  The  ratio 
of  surface  area  of  the  sample  to  solution  volume  (SA/V)  is 
high  for  a finely  ground  45S5  Bioglass®  powders,  1 to  10 
cm-1.  In  contrast,  SA/V  ratio  for  45S5  Bioglass®  bulk  sample 
is  only  less  than  0.1  cm-1.  The  data  show  that  both  58S 
gel-derived  powders  and  the  surface  reactive  45S5  Bioglass® 
samples  produce  changes  in  the  local  pH  as  Ca,  P and  Na  ions 
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Figure  5.13  Calcium  ion  oncentration  in  reacted 

solution  versus  reaction  time  for  58S 
gel-derived  powders. 
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Figure  5.14  Silicon  ion  concentration  in  reacted 
solution  versus  reaction  time  for  58S 
gel-derived  powders. 
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Figure  5.15  Phosphorus  ion  concentration  in  reacted 
solution  versus  reaction  time  for  58S 
gel-derived  powders  (I) . 
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Figure  5.16  Phosphorus  ion  concentration  in  reacted 
solution  versus  reaction  time  for  58S 
gel-derived  powders  (II) . 
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Figure  5.17 


Calcium  ion  concentration  in  reacted 
solution  versus  reaction  time  for  45S5 
Bioglas®  powders  and  bulk  samples. 
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Figure  5.18  Silicon  ion  concentration  in  reacted 

solution  versus  reaction  time  for  45S5 
Bioglass®  powders  and  bulk  samples. 
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Figure  5.19 


Phosphorus  ion  concentration  in  reacted 
solution  versus  reaction  time  for  45S5 
Bioglass®  powders  and  bulk  samples. 
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Figure  5.20  Sodium  ion  concentration  in  reacted 

solution  versus  reaction  time  for  45S5 
Bioglass®  powders  and  bulk  samples. 
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are  exchanged  for  protons  or  hydronium  ions  from  the 
solution . 

The  same  trend  is  observed  for  the  increasing  rate  of 
Ca  ion  concentration  in  the  solution  reacted  with  58S 
gel-derived  powders  (Figure  5.13)  as  with  45S5  Bioglass® 
powders  (Figure  5.17)  . However,  Ca  ions  in  58S  gel-derived 
powders  release  into  the  reacting  solution  more  quickly  and 
approach  a higher  concentration  of  approximately  250  ppm 
after  only  30  minutes  reaction.  In  contrast,  for  45S5 
Bioglass®  powders,  Ca  ions  release  relatively  slowly  but 
continually  increase  in  concentration.  The  Ca  ion 
concentration  reaches  85  ppm  after  a reaction  time  of  500 
minutes . 

Si  ion  concentration  jumps  to  about  45  ppm  after  less 
than  2 minutes  reaction  and  remains  at  almost  the  same  value 
with  reaction  time  in  the  solutions  reacted  with  58S 
gel-derived  powders  (Figure  5.14).  However,  Si  content 
increases  gradually  with  reaction  time  in  the  solution 
reacted  with  45S5  Bioglass®  powders  (Figure  5.18).  This 
observation  shows  that  Si  ion  release  in  the  solution  with 
58S  gel-derived  powders  is  very  rapid  at  the  beginning  and 
quickly  reaches  a dynamic  equilibrium.  The  results  suggest 
that  the  surface  is  stabilized  and  the  leaching  process  of  Si 
ions  is  retarded  even  before  hydroxyapatite  crystals  are 
observed  by  FTIR  or  X-ray  diffraction  techniques. 
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Na  ion  concentrations  in  solution  increase  their  values 
continuously  from  melt-derived  powders  and  bulk  45S5 
Bioglass®  samples.  This  indicates  that  Na  ions  keep  releasing 
from  the  Bioglass®  powders  and  bulk  samples  into  the  solution 
during  the  entire  reaction  (Figure  5.20). 

It  is  important  to  notice  that  the  phosphorus  ion 
concentrations  drop  in  the  solutions  after  a certain  reaction 
time  for  all  58S  gel-derived  powders  and  45S5  Bioglass®  bulk 
and  powder  samples  (Figure  5.15  - 5.16  and  Figure  5.19).  The 
P ion  concentrations  in  the  solution  drop  after  only  5 
minutes  for  58S  gel-derived  powders.  However,  for  45S5 
Bioglass®  powders,  the  time  for  phosphorus  ion  concentrations 
to  drop  takes  more  than  60  minutes.  For  bulk  Bioglass® 
samples,  the  time  for  the  phosphorus  concentrations  to 
decrease  increases  to  120  minutes. 

This  phenomenon  can  be  explained  by  the  uptake  of  P 
ions  from  solution  as  the  hydroxyapatite  layer  develops  on 
the  sample  surface  [66] . Because  of  the  more  rapid  rate  of  P 
ion  release,  the  formation  of  the  hydroxyapatite  layer  occurs 
at  shorter  reaction  times  for  58S  gel— derived  powders  than 
that  for  4 5S5  Bioglass®  powders  and  much  shorter  than  that 
for  4 5S5  Bioglass®  Bulk  samples. 

After  45S5  Bioglass®  powders  and  58S  powders  are 
reacted  with  the  solution  for  more  than  500  minutes,  a very 
small  amount  of  P ions  is  found  in  the  solution  (Figure  5.16 
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and  Figure  5.19)  . The  decrease  of  phosphorus  in  the  solutions 
after  a certain  reaction  time  is  due  to  precipitation  onto 
the  gel  or  the  glass  surface  which  is  related  to  the 
formation  of  hydroxyapatite.  The  shorter  phosphorus  uptake 
time  of  58S  gel-derived  powders  indicates  again  that  58S 
develops  surface  hydroxyapatite  more  quickly  than  45S5 
Bioglass®  powders.  This  comparison  of  the  time-dependent  ion 
release  for  gel  samples  versus  melt-derived  samples  is 
supported  by  FTIR  and  X-ray  diffraction  analysis  results. 

The  surface  area  plays  an  important  role  in  the  rate  of 
development  of  hydroxyapatite  crystals.  The  surface  area  to 
volume  ratio,  SA/V,  is  more  than  5000  cm-1  for  58S 
gel-derived  powders,  whereas  it  is  only  1 to  10  cm-1  for  very 
fine  powders  of  45S5  Bioglass®.  This  gives  an  explanation  for 
the  fast  leaching  rate  of  cation  ions  and  rapid  formation  of 
surface  hydroxyapatite  crystals  for  gel-derived  58S  powders. 

Comparing  the  powder  samples  with  the  bulk  samples  of 
melt-derived  45S5  Bioglass®,  (Figure  5.17  to  Figure  5.20),  it 
has  been  found  that  the  Ca,  Si  and  Na  ion  concentrations 
increase  more  rapidly  and  reaches  higher  values  for  the 
powders  than  for  the  bulk  samples.  Also,  the  peak  of  the 
phosphorus  concentration  curve  appears  at  a longer  reaction 
time  of  about  2 hours  for  bulk  45S5  Bioglass®  samples  with  a 
surface  area  to  volume  ratio  (SA/V)  of  only  0.1  cm'1 
[66,223].  Figure  5.21  shows  the  SA/V  dependence  of  45S5 
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Figure  5.21  The  time  required  for  a static  buffered 
solution  to  reach  pH=9  versus  SA/V  rati 
[224]  . 
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Bioglass®  with  reaction  time  [224].  The  time  required  for  a 
static  buffered  solution  to  reach  pH=9  is  plotted  versus 
SA/V.  Consequently,  45S5  Bioglass®  bulk  samples  with  very 
small  surface  area  show  a much  slower  rate  of  formation  of 
surface  hydroxyapatite  crystals. 

■5-^.5 Changes  In  Texture 

It  was  mentioned  in  Chapter  IV  that  the  surface  areas 
of  all  the  sol-gel  derived  compositions  are  extremely  high 
ranging  from  200  m2/g  to  650  m2/g  (Table  4.1).  The  exposure 
to  the  tris-buf f ered  solutions  increases  these  surface  areas 
even  further.  The  variation  of  surface  area  as  a function  of 
reaction  time  for  58S  gel-derived  powders  is  shown  in  Figure 
5.22.  The  initial  surface  area  of  58S  gel-derived  powders  is 
289  m2/ g . The  surface  area  continues  to  increase  at  the  early 
stage  of  the  reaction  and  approaches  400  m2/g  after  only 
4-hour  reaction.  This  observation  confirms  the  very  bioactive 
nature  of  58S  gel-derived  powders. 

In  summary,  besides  the  difference  of  the  surface 
nature  between  the  gel-derived  powders  and  the  melt-derived 
Bioglasses®,  the  surface  area  or  the  surface  area  to  volume 
ratio,  SA/V,  is  very  important  for  the  formation  rate  of  the 
hydroxyapatite  surface  layer.  The  gel-derived  powder  with  a 
larger  surface  area  has  a more  rapid  rate  of  formation  of 
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Figure  5.22  Variation  of  surface  versus  reaction 
time  for  58S  gel-derived  powders. 
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hydroxyapatite  than  the  conventional  melt-derived  Bioglass®. 
It  suggests  that  the  larger  surface  area  or  SA/V  ratio 
provides  a higher  density  of  nucleation  sites  for 
crystallization  of  hydroxyapatite. 


CHAPTER  VI 

VARIABLES  AFFECTING  BIOACTIVITY  OF  GEL-DERIVED  POWDERS 


£.1  Compositional  Effect 


6^1.1  Si02  Effect 

The  bioactivity  of  biomaterials  are  affected  by  many 
factors  including  composition,  texture,  porosity,  interfacial 
pH  , age  and  type  of  tissues,  type  of  animals,  etc.  Only  the 
compositional  and  the  textural  effects  on  the  bioactivity  of 
gel-derived  powders  developed  in  this  study  will  be  discussed 
in  this  chapter. 

In  the  previous  literature  review,  it  was  described 
that  for  melt-derived  bioactive  glasses  their  bioactivity 
depended  greatly  upon  composition,  especially  silica  (a  glass 
network  former)  content.  Bioglasses  with  a composition 
containing  45  wt . % Si02,  24.5  wt . % Cao,  24.5  wt . % Na20  and 
6.0  wt . % P205,  i.e.  45S5  Bioglass®,  has  the  highest  level  of 
bioactivity.  As  Si02  content  increases,  the  bioactivity 
decreases  due  to  the  change  of  glass  from  an  amorphous 
structure  comprised  primarily  of  ionically  bonded 
2-dimensional  sheets  or  chains  to  a 3— dimensional  structure. 
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In  our  work,  a series  of  compositions  was  designed  and 
successfully  synthesized  as  listed  in  Table  3.1.  At  a 
constant  P2O5  content,  the  SiC>2  content  was  varied  from  50 
mol.%  to  95  mol . % at  the  expense  of  CaO  content.  Figures  5.1 
to  Figure  5.4  depict  Fourier  transform  infrared  reflection 
(FTIR)  spectra  of  gel-derived  powders  with  those  compositions 
after  reaction  in  t ris-buf f ered  solutions  for  1,  2,  4 and  8 
hours.  As  a general  rule,  the  intensities  of  the 
hydroxyapatite  characteristic  peaks  at  566  cm-1  and  598  cm-1 
decrease  with  the  increase  of  SiC>2  content  in  all  figures.  An 
attempt  to  describe  and  explain  the  different  rates  of 
formation  of  the  hydroxyapatite  surface  layer  and  the 
compositional  dependence  is  made  as  follows. 

In  Figure  6.1,  the  rate  of  formation  of  the 
hydroxyapatite  surface  layer  for  different  compositions  of 
the  gel-derived  powders  is  compared  by  the  ratio  of  peak 
intensities,  h-i/b-2,  obtained  from  the  FTIR  spectra,  where  A^ 
refers  to  the  intensity  of  P-0  bending  vibration  at  about  566 
cm  1 and  A2  refers  to  Si-O-Si  bending  vibration  at  about  482 
cm-1.  The  ratio  was  calculated  and  plotted  as  a function  of 
reaction  time.  The  increasing  value  of  the  ratio  shows  that 
the  rate  of  hydroxyapatite  formation  is  increasing  with 
decreasing  Si02  content  of  the  gel-derived  powders . It  also 
shows  there  is  a delay  in  HA  formation  with  an  increase  of 
Si02  content  at  early  stages  for  the  gel— derived  powders. 
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reaction  times  for  gel-derived  powders. 
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This  ratio  of  hydroxyapatite  peak  intensity  to  silica 
peak  intensity,  increases  very  rapidly  for  gel-derived 
54S  and  58S  at  the  early  stages  compared  to  that  of  the 
melt-derived  45S5  Bioglass®,  which  does  not  show  any 
characteristic  crystalline  hydroxyapatite  peak  until  2 hours 
reaction  in  the  tris-buf fered  solutions. 

The  FTIR  spectra  in  Chapter  V show  that  if  the  exposure 
time  is  increased  to  seven  days,  HA  formation  is  also 
demonstrated  for  the  gel-derived  powders  containing  up  to  90 
mol.%  SiC>2/  i.e.  86S  gel-derived  powders  (Figure  5.7),  while 
a calcium  phosphate-rich  layer  does  not  form  at  the  surface 
of  the  60S  melt-derived  bioactive  glasses  even  after  exposure 
time  is  increased  to  weeks  or  months  (Figure  5.9)  . These 
results  indicate  that  the  sol-gel  processing  of  the 
Ca0-P2C>5-Si02  gel-derived  powders  increases  the  compositional 
range  of  bioactivity  by  a significant  amount.  It  is  thus 
possible  to  extend  the  SiC>2  compositional  boundary  for  the 
formation  of  hydroxyapatite,  i.e.  the  bioactivity  of  the 
materials,  up  to  90  mol.%  SiC>2  by  using  sol-gel  processing 
(Figure  6.2).  This  new  compositional  field  of  bioactivity  is 
schematically  illustrated  in  Figure.  7.7  on  a four  component 
Na20-Ca0-P2C>5-Si02  diagram  in  Chapter  VII. 

Thus,  an  important  advantage  of  the  low  temperature 
solution  processing  of  bioactive  gel-glasses  is  the 
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6.2  The  difference  in  compositional  range 
of  bioactivity  for  the  gel-derived 
powders  and  melt-derived  bioactive 
glasses . 
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development  of  new  bioactive  compositions.  The  potential  of 
the  sol-gel  method  has  been  realized. 


A previous  investigation  [33]  examined  the  P2O5 
dependence  of  bioactivity  in  the  melt-derived  bioactive 
glasses  and  found  that  bone  bonding  or  the  formation  of 
surface  hydroxyapatite  was  more  favorable  within  the  range  of 
3-6  wt . % P2O5 . However,  a study  carried  out  in  Japan  about 
the  bone-bonding  ability  of  P2C>5-free  Ca0-Si02  glasses 
reported  that  even  P2C>5-free  Ca0.Si02  glass  formed  a 
Ca,P-rich  layer  on  its  surface  and  bonded  tightly  with  living 
bone  via  these  layers  [225]  . However,  the  study  by  Ohura  et 
al . was  in  a test  solution  that  contained  phosphate  ions. 

It  has  been  concluded  that  if  glasses  and  glass- 
ceramics  release  at  least  Ca+2  and  HSiC>3-1  ions,  this  would 
be  sufficient  for  them  to  form  the  Ca,P-rich  layer  on  their 
surfaces  in-vivo,  enabling  them  to  bond  directly  with  bone. 
This  is  because  the  in-vivo  environment  contains  a saturated 
concentration  of  phosphates.  It  should  be  noted  that  the 
later  conclusion  was  only  based  on  in-vivo  experiments. 

In  our  work,  the  effect  of  P2O5  on  the  formation  of 
hydroxyapatite  at  the  surface  of  gel-derived  powders  in  the 
Ca0-P205-Si02  system  is  examined  under  in-vitro  conditions. 


1 32 


Table  6.1  gives  two  series  of  compositions  of 
gel-derived  powders  with  a variation  of  P2O5  content,  58S-nP 
and  68S-nP  (n  = 2,  4 and  8)  . In  fact,  those  compositions 
were  designed  based  on  58S  and  68S  gel-derived  powders 
(actually,  58S-4P  is  58S  and  68S-4P  is  68S)  by  keeping  the 
remaining  SiC>2  content  constant  (60%  and  70%  for  the  two 
series  respectively)  and  changing  the  P2O5  and  CaO  content. 
All  powders  were  made  by  sol-gel  processing  using  the  same 
procedure  described  in  Chapter  III.  After  the  powders  were 
dried  and  heated  at  600°C  for  3 hours,  the  BET  measurement 
and  X— ray  diffraction  analyses  were  applied.  After  exposure 
to  37°C  tris-buf fered  solutions  for  various  times,  a FTIR 
spectrospopy  analysis  of  the  surface  layers  was  conducted. 

The  surface  areas,  total  pore  volumes  and  average  pore 
radii  of  both  58S-np  and  68S-np  gel-derived  series  are  listed 
in  Table  6.2.  Figure  6.3  to  Figure  6,6  describe  the  variation 
of  surface  areas  and  average  pore  radii  with  P2O5  content  for 
both  series.  Since  P2O5  is  a glass  network  former  just  as 
SiC>2'  the  same  trend  as  shown  in  Table  4.1  is  observed  for 
these  powders.  The  surface  area  increases  and  the  average 
pore  radii  decreases  with  the  increase  of  P2O5  content  for 
all  the  compositions. 

Figure  6.7  shows  the  X-ray  diffraction  spectra  for 
these  compositions.  The  X-ray  diffraction  spectra  depict  a 
completely  amorphous  structure  for  all  the  compositions 
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Table  6 . 1 

Compositions  of  gel-derived  powders 
with  different  P2O5  content 
( in  mol . % ) 

Sample  ID  SiC>2  p2°5  Ca0 


58S-2P 

60 

2 

38 

58S-4P (58S) 

60 

4 

36 

58S-8P 

60 

8 

32 

68S-2P 

70 

2 

28 

68S-4P ( 68S) 

70 

4 

26 

68S-8P 

70 

8 

22 
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Table  6.2 


BET  data  of  gel- 

-derived  powders 

with  different  P2O5  content 

Sample 

Surface 

Total 

Average 

ID 

area 

pore  volume 

pore  radius 

(m2/g) 

(cm2/g) 

(A) 

58S-2P 

142 

0.49 

70 

58S-4P  (58S) 

289 

0.49 

34 

58S-8P 

343 

0.41 

24 

68S-2P 

231 

0 .44 

38 

68S-4P ( 68S) 

326 

0.41 

25 

68S-8P 

415 

0.37 

18 

Surface  Area  (m^/g) 
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Figure  6.7  X-ray  diffraction  spectra  of  gel-derived 
powders  with  different  P2O5  contents. 
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except  58S-8P,  which  shows  a crystalline  peak  at  20  of  29.2°. 
This  peak  is  assigned  to  crystalline  calcium  carbonate  (JCPDS 
card  # 5-586),  see  Figure  6.8.  In  this  case,  calcium  must 
pick  up  some  carbon  dioxide  from  the  air  and  form  calcium 
carbonate  during  the  heat  treatment . This  process  may  be 
promoted  by  the  presence  of  the  higher  P content  in  this 
composition . 

FTIR  spectra  for  the  gel-derived  powders  with  variable 
P2O5  content  after  8-hour  reaction  in  t ris-buf fered  solutions 
are  shown  in  Figure  6.9(a)  and  6.9(b).  It  can  be  seen  that 
the  crystalline  hydroxyapatite  surface  layers  were  formed  on 
all  the  samples  except  on  the  68S-8P  powder  in  Figure  6.9(b). 
The  general  rule  of  the  effect  of  SiC>2  content  on  bioactivity 
of  the  gel-derived  powders  still  remains.  In  principle,  the 
5 8S-nP  series  has  a higher  A ^ / A2  intensity  ratio  of 
hydroxyapatite  peak  at  566  cm“l  to  silica  rocking  vibration 
peak  at  482  cm~l  in  Figure  6.9(a)  than  does  the  68S-nP  series 
in  Figure  6.9(b).  However,  in  each  series  the  sample  with 
moderate  P2O5  content  (4  mol.%)  has  the  highest  A1/A2  ratio. 
The  68S-8P  composition  does  not  develop  characteristic 
hydroxyapatite  peaks  after  exposure  to  the  t ris-buf fered 
solutions  for  8 hours,  but  it  does  form  high  intensity 
hydroxyapatite  peaks  when  the  exposure  time  was  increased  to 
48  hours  (Figure  6.10). 
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Figure  6.8  X-ray  diffraction  spectrum  of  58S-8P 
gel-derived  powders. 
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Figure  6.9(a)  FTIR  spectra  of  58S  gel-derived 

powders  with  different  P2O5 
contents  after  8-hour  reaction. 
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Figure  6.9(b)  FTIR  spectra  of  68S  gel-derived 

powders  with  different  P2O5 
contents  after  8-hour  reaction. 
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Figure  6.10  FTIR  spectra  of  68S-8P  gel-derived 

powders  after  various  reaction  times. 
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In  order  to  understand  these  results,  it  is  necessary 
to  consider  the  effects  of  adding  P2O5  to  a silicate-based 
structure.  Figure  6.11  is  a SiC>2-P205-CaO  ternary  phase 
diagram  [226]  . There  is  a liquid-liquid  separation  region  in 
this  phase  diagram.  The  reasons  for  the  separation  of  a 
liquid  into  two  phases  may  be  found  by  considering  the 
thermodynamics  of  a nonideal  solution.  In  such  solutions,  the 
attractions  between  like  and  unlike  atoms  are  not  equal; 
consequently,  there  will  be  an  enthalpy  change  as  well  as 
increase  in  entropy  due  to  mixing  of  unlike  atoms.  The 
presence  of  the  liquid-liquid  separation  can  also  be 
explained  through  the  following  mechanism.  Phosphorus  is  a 
network  former  which  exists  in  four-fold  coordination.  Due  to 
the  charge  of  +5  of  the  phosphorus  atom,  one  of  the 
phosphorus  oxygen  bonds  must  exist  as  a double  bond.  McMillan 
[227]  has  stated  that  the  existence  of  the  double  bonds  in 
the  phosphorus  tetrahedra  leads  to  conditions  which  promote 
separation  of  the  phosphate  groups  from  the  silica  network. 
Furthermore,  he  stated  that  it  would  be  probable  for  the  P2O5 
to  be  associated  with  alkali  or  alkali  earth  oxides  present 
in  the  composition  in  order  to  preserve  charge  balance  on  the 
phosphate  tetrahedra. 

The  six  different  compositions  of  both  58S-nP  and 
68S-nP  series  are  indicated  down  in  the  diagram  and  it  should 
be  noted  that  the  58S-8P  and  68S-8P  compositions  fall  into 
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Figure  6.11  Phase  diagam  of  Ca0-P205-Si02  [226]. 
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the  phase  separated  region.  The  liquid-liquid  separation  may 
occur  in  both  58S-8P  and  68S-8P  compositions  either  in  the 
sol  mixing  stage  or  in  the  later  heating  stage.  If  this  is 
so,  the  P2C>5-rich  droplets  with  a concentrated  CaO  content 
will  be  formed  and  surrounded  by  the  Si02~rich  matrix.  The 
presence  of  a liquid-liquid  phase  separation  would  explain 
why  it  took  time  for  P and  Ca  ions  to  leach  from  the  58S-8P 
and  68S-8P  powders  to  the  solution  and  then  deposit  back  on 
the  surface  of  the  samples  finally  converting  into 
hydroxyapatite  crystalline  phase. 

Both  58S-2P  and  68S-2P  gel  powders  contain  a low  P2O5 
content  of  only  2 mol.%  which  is  probably  not  sufficient  to 
form  a considerable  amount  of  hydroxyapatite  on  the  surface. 

It  therefore  can  be  concluded  that  P2O5  content  affects 
the  bioactivity  of  the  gel-derived  powders.  Based  on  these 
studies,  a P2O5  content  of  4 mol.%  is  more  favorable  for  the 
formation  of  surface  hydroxyapatite. 

6 . 2 Texture  Effect 


■6.2.1 Introduct  i on 

One  of  the  advantages  of  sol-gel  processing  over 
conventional  melt  processing  is  the  ability  to  control  the 
texture  of  materials,  including  the  surface  area,  the  total 
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pore  volume  and  the  average  pore  radius . Textural  changes  are 
achieved  by  varying  processing  conditions,  such  as  pH,  the  R 
ratio  of  the  moles  of  alkoxides  to  the  moles  of  water  and  the 
solvent  in  the  mixing  stage  and  the  heat  treatment 
temperatures,  time  and  even  the  furnace  atmosphere  in  the 
subsequent  stages.  This  work  chose  heat  treatment  temperature 
as  the  parameter  to  control  the  gel  texture,  especially  the 
surface  area.  In  order  to  reveal  the  relationship  between 
bioactivity  and  the  texture  of  the  gel-derived  powders,  the 
following  experimental  procedures  were  designed. 

6.2.2 Experimental 

58S,  containing  60  mole  % SiC>2,  4 mole  % P2O5  and  36 
mole  % CaO,  was  chosen  as  the  composition  in  the  study,  since 
it  shows  no  crystallization  tendency  during  the  heat 
treatment  and  high  bioactivity  in  the  in-vitro  test. 

Samples  were  prepared  from  tet raethyoxysilane  (TEOS) , 
triethyl  phosphate  [OP(OEt)3]  and  calcium  nitrate.  Nitric 
acid  was  added  to  accelerate  the  hydrolysis  reaction  of  TEOS. 
After  mixing  the  components,  the  sol  was  cast  into 
polyethylene  containers  and  placed  inside  an  oven  for 
gelation  and  aging.  After  aging,  the  gels  were  transferred 
into  drying  chambers  and  dried  at  180°C.  The  dried  gels  were 
heated  in  silica  crucibles  at  600°C  for  3 hours  and  then 
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ground  into  powders  with  a particle  size  range  of  100  to  700 
microns  which  yields  the  58S  (in  this  Chapter  also  called 
58S-600)  gel-derived  powders. 

To  change  the  texture,  the  58S  gel-derived  powders  were 
further  heat  treated  in  a furnace  at  different  temperatures, 
i.e.  700°C,  800°C,  825°C,  850°C  and  900°C,  for  twenty-five 
minutes.  A series  of  samples  named  58S-700,  58S-800,  58S-825, 
58S-850  and  58S-900  respectively  were  obtained.  A Quanta 
Chrome  Autosorb-6  was  employed  to  measure  the  textural 
change,  especially  the  surface  area  change  of  all  the  samples 
using  N2  as  an  absorbent. 

X-ray  diffraction  (XRD)  was  used  to  study  the  powders 
after  heating  at  all  temperatures. 

As  stated  earlier,  the  essential  condition  for  a 
material  to  bond  with  living  bone  is  the  formation  of  a 
hydroxyapatite  layer  on  its  surface  in  a real  (in  vivo)  or 
simulated  (in  vitro)  body  environment.  Using  the  same 
modified  dynamic  quality  assurance  procedure  mentioned  in 
Chapter  III,  heat  treated  powders  were  dipped  directly  into 
tris— buffered  solutions  at  37°C  in  a Nalgene®  bottle  and 
stirred  in  an  incubator  shaker.  The  reacted  powders  were 
later  examined  by  Fourier  Transform  Infrared  Reflection 
(FTIR)  Spectroscopy  and  X— ray  diffraction  for  phase  changes 
indicative  of  their  potential  bioactivities. 
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6.2.3  Results  and  Discussions 

Table  6.3  lists  the  BET  data  of  58S-600,  58S-700, 
58S-800,  58S-825,  58S-850  and  58S-900  gel-derived  powders. 
The  surface  area  varies  from  90  m^/g  to  300  m^/g,  depending 
on  the  heating  temperatures.  58S-600  has  a surface  area  of 
289  m^/g.  During  the  subsequent  sintering,  its  structure 
evolves  as  the  polycondensation  reaction  continues.  A 
reduction  in  surface  area,  which  is  actually  the  driving 
force  for  sintering,  is  found  when  the  sintering  temperature 
increases  (Figure  6.12)  . A similar  trend  has  also  been 
observed  for  the  gel-derived  pure  SiC>2  and  binary  Na20-SiC>2 
systems  [140,188].  In  addition,  both  the  total  pore  volume 
and  the  average  pore  radii  decrease  with  temperature  as  a 
result  of  the  sintering  process  (Figure  6.13  and  Figure 
6.14)  . 

Figure  6.15  is  the  X-ray  diffraction  spectra  of 
58S-600,  58S-700,  58S-800,  58S-825,  58S-850  and  58S-900 
gel-derived  powders  which  show  no  X-ray  diffraction  peaks. 
Only  a broad  peak  characteristic  of  an  amorphous  solid  is 
observed  for  58S-600,  58S-700,  58S-800,  58S-825  samples.  The 
spectrum  of  58S-850  shows  a very  small  amount  of 
crystallinity.  58S-900  gel-derived  powders  heat  treated  at 
900  C for  25  minutes,  show  strong  X-ray  diffraction  peaks 
which  index  as  a mixture  of  wollastonite  and  nagelschmidtite 
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Table  6.3 

BET  data  of  58S  gel-derived  powders 
after  heating  to  different  temperatures 


Sample 

ID 


Treatment 

Temperature 

<°C) 


Surface 

Area 

(m2/g) 


Total  Pore 
Volume 
(cm2/ g) 


Average 
Pore  Radius 


(A) 


58S-600 

600 

289 

0.49 

34 

58S-700 

700 

269 

0.46 

33 

58S-800 

800 

223 

0.34 

30 

58S-825 

825 

154 

0.20 

27 

58S-850 

850 

128 

0.18 

26 

58S-900 

900 

92 

0.15 



Surface  arrea  (m^/g) 
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Figure  6.12  Vatiation  of  surface  area  with 
temperature  for  58S  gel-derived 
powders . 
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Figure  6.13  Variation  of  pore  size  with  temperature 
for  58S  gel-derived  powders. 
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Figure  6.14  Variation  of  total  pore  volume  with 

temperature  for  58S  gel-derived  powders. 
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Figure  6.15  X-ray  diffraction  spectra  of  58S 
gel-derived  powders  after  heating 
at  various  temperatures . 
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crystals  (JCPDS  card  #:  27-1064  and  5-646),  see  Figure  6.16. 
This  is  consistent  with  the  DTA  spectrum  of  58S  (Figure  4.1), 
which  shows  an  exothermic  reaction  at  900°C  and  further 
confirms  that  the  amorphous  gel  powder  of  58S  begins  to 
crystallize  at  about  900°C  producing  a material  composed  of  a 
CaO-SiC>2-rich  glass  and  a mixture  of  wollastonite  and 
nagelschmidtite  crystallites. 

Figure  6.17  shows  the  FTIR  diffuse  reflectance  spectra 
of  58S  (58S-600)  gel-derived  powder,  which  has  the  largest 
surface  area  among  the  series,  after  in-vitro  reaction  with 
tris-buf fered  solutions  for  1,  2,  4 and  8 hours  respectively 
at  37  °C . The  peak  assignments  are  detailed  in  the  previous 
Chapters.  The  figure  shows  that  the  peaks  at  598  cm-1  and  566 
cm-1,  indicative  of  the  formation  of  a hydroxyapatite 
crystalline  phase,  appear  after  a reaction  time  of  only  one 
hour.  These  two  peaks  keep  increasing  in  intensity  with  the 
increasing  exposure  time.  At  the  same  time,  the  Si-O-Si 
rocking  vibration  peak  at  482  cm"^  decreases  and  finally 
diminishes  after  eight  hours  reaction  in  the  solution. 
Because  of  the  very  small  penetration  depth  of  the  IR  beam 
(<l|lm)  , the  hydroxyapatite  crystalline  phase  must  be  formed 
on  the  surface  of  the  gel-derived  powders. 

Figure  6.18  shows  the  FTIR  spectra  of  the  58S 
gel-derived  powders  with  different  surface  areas  (i.e. 
produced  by  heating  at  different  temperatures)  obtained  after 
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Figure  6.16  X-ray  diffraction  spectra  of  58S-900 
gel-derived  powders. 
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Figure  6.17  FTIR  spectra  of  58S  gel-derived 

powders  with  various  reaction  times. 
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FTIR  spectra  of  58S  gel-derived 
powders  with  various  surface  areas 
after  8-hour  reaction. 


Figure  6.18 
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the  samples  were  exposed  to  the  tris-buf fered  solutions  for  8 
hours.  Figure  6.19  plots  the  ratio  of  hydroxyapatite  peak 
intensity  of  the  P-0  bending  vibration  at  566  cm-!  divided  by 
silica  peak  intensity  of  the  Si-O-Si  bending  vibration  at  482 
cm-1  as  a function  of  the  surface  area  of  58S  gel-derived 
powder  after  8 hours  reaction  in  the  tris-buf fered  solutions. 

In  Figure  6.18,  the  intensities  of  the  characteristic 
peaks  of  crystallized  hydroxyapatite  at  the  598  cm--*-  and  566 
cm--*-  decrease  with  the  decreasing  surface  area  of  the  gels. 
The  spectrum  of  58S-900  gel-derived  powders  shows  that  there 
is  only  a small  amount  of  hydroxyapatite  formed  on  its 
surface  after  the  exposure.  This  indicates  that  after  the  58S 
gel-derived  powders  are  heat  treated  at  900°C  for  25  minutes, 
they  have  almost  lost  their  bioactivity. 

The  surface  silanol  concentration  is  closely  related  to 
the  surface  area  of  the  gel-derived  powders . The  gel-derived 
powder  is  essentially  an  agglomerate  of  particles  and  pores. 
The  surface  of  the  gel  powders  is  terminated  by  hydroxyl 
groups,  silanols  [87].  Although  thermally  induced  desorption 
may  occur  (at  temperatures  > 500  °C)  [220]  and  a condensation 
reaction  may  remove  a considerable  fraction  of  the  silanols 
[220],  a certain  amount  of  silanols  still  remain  on  the 
surface  after  the  600°C  heat  treatment.  Furthermore,  when 
exposed  to  the  tris-buf fered  solution,  a cation  exchange  of 
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Ca  from  the  gel-derived  powders  for  protons  in  the  solution 
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Figure  6.19  Ratio  of  hydroxyapatite  peak  intensity 
to  silica  peak  intensity  as  a function 
of  surface  area  for  58S  gel-derived 
powders  after  8-hour  reaction. 
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produces  additional  silanols.  It  is  proposed  that  after  the 
calcium  and  phosphorus  ions  reprecipitate  back  to  the 
surface,  the  silanols  may  act  as  nucleation  sites  and  also 
the  exothermal  condensation  reaction  of  the  surface  silanols 
may  promote  nucleation  and  crystallization  of  the 
hydroxyapatite  at  the  surface.  However,  it  is  very  difficult 
to  separate  the  possible  mechanisms  for  heterogeneous 
nucleation  of  hydroxyapatite  on  the  gel  powders. 

The  textural  features  of  the  gel-derived  powders  give 
rise  to  a large  surface  area  of  potential  nucleation  sites 
that  result  in  a rapid  formation  of  the  hydroxyapatite  at  the 
surface.  The  evidence  for  this  is  the  rapid  decrease  in 
hydroxyapatite  formation  as  the  sintering  temperature 
increases  which  results  in  a large  decrease  in  surface  area 
and  surface  silanol  concentration.  It  was  described  earlier 
that  the  melt-derived  bioactive  glasses  which  exhibit  bonding 
with  bone  in-vivo  within  10  to  30  days  develop  a surface  area 
ranging  from  200  to  500  m^/g  in  a tris-buf f ered  in-vitro  test 
solution.  In  contrast,  compositions  of  glass  that  do  not  bond 
to  bone,  i.e.  are  not  bioactive,  develop  less  than  0.1  m^/g 
surface  area  when  exposed  to  equivalent  simulated  test 
solutions.  In  our  studies,  the  surface  area  of  the 
gel-derived  powders  ranged  from  128  m^/g  and  up  prior  to 
in-vitro  exposure.  Therefore,  the  effective  surface  area 
available  for  development  of  HA  is  initially  very  much  larger 
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than  the  melt-derived  Bioglasses®.  This  is  one  of  the 
possible  reasons  why  the  gel-derived  powders  show  much  higher 
hydroxyapatite  formation  rate  than  the  conventional 
melt-derived  Bioglasses®. 

Thus,  these  results  suggest  that  it  is  possible  to 
influence  the  rate  of  hydroxyapatite  formation  and  therefore 
the  level  of  bioactivity  of  a material  by  using  sol-gel 
processing  to  control  texture  as  well  as  composition  of  the 
material.  This  is  the  first  time  this  important  finding  has 
been  observed.  However,  additional  work  is  required  to 
identify  the  ultrast ructural  features  responsible  for  the 
accelerated  formation  of  HA. 

The  conclusions  for  this  section  are  as  follows: 

1.  The  surface  area  of  58S  decreases  with  increasing 
sintering  temperatures  over  the  range  of  600°C  to  900°C  which 
makes  it  possible  to  change  the  texture  of  bioactive 
gel-derived  powders . 

2.  The  rate  of  hydroxyapatite  formation  decreases  with 
the  decrease  of  surface  area  for  58S  bioactive  gel-derived 
powders . 

3.  The  surface  silanol  concentration  may  play  an 
important  role  in  the  formation  of  hydroxyapatite  crystalline 
phase  as  well  as  the  surface  area. 

4.  Texture  as  well  as  composition  can  be  used  to 
control  the  bioactivity  of  a material. 
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JL_3 Relative  Importance  of  Surface  Area  vs  Composition  on 

Bioact ivitv 

The  earlier  discussion  in  this  Chapter  indicates  that 
the  rate  of  formation  of  hydroxyapatite  on  the  surface 
depends  on  both  composition  and  texture.  However,  Figure  6.20 
indicates  that  the  SiC>2  content  in  the  composition  plays  the 
more  important  role  in  developing  hydroxyapatite  crystalline 
phase  than  the  texture. 

Figure  6.20  shows  the  A^/A2  ratio  (the  ratio  of 
hydroxyapatite  peak  intensity  to  silica  peak  intensity  as 
defined  before)  as  a function  of  surface  area  of  58S,  68S  and 
77S  gel-derived  powders  after  8-hour  reaction  in 
tris-buf fered  solutions.  There  seems  to  be  a nearly  linear 
relationship  between  the  A1/A2  ratio  and  the  surface  area. 
It  is  noticed  that  the  straight  line  correlation  for  58S 
gel-derived  powders,  which  contain  the  least  Si02  content, 
has  the  steepest  slope.  The  A1/A2  ratio  of  58S  gel-derived 
powders  increases  with  increase  of  surface  area  more  quickly 
than  that  of  68S.  The  ratio  for  77S  gel-derived  powders 
remains  zero  and  unchanged  with  the  surface  area.  This  means 
that  when  the  SiC>2  content  becomes  high  enough,  the  effect  of 
the  texture  can  no  longer  be  observed. 

The  figure  also  shows  that  58S,  68S  and  77S  gel-derived 
powders  have  different  A^/A2  ratios  even  when  they  have  the 
same  surface  area.  By  holding  the  surface  area  constant,  58S 
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Figure  6.20  Variation  of  ratio  of  hydroxyapatite  peak 
intensity  to  silica  peak  intensity  as  a 
function  of  surface  area  for  58S,  68S  and 
77S  gel-derived  powders  after  8-hour 
reaction . 
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gel-derived  powders,  which  contain  the  least  SiC>2,  give  the 
highest  rate  of  formation  of  the  hydroxyapatite  crystalline 
phase.  The  A^/A2  ratio  of  58S  gel  powders  with  a surface  area 
140  m^/g  is  almost  as  same  as  that  of  68S  gel-derived  powders 
with  290  m^/g  surface  area.  However,  the  difference  in  the 
SiC>2  content  between  those  two  compositions  is  only  10  mol . % . 
It  is,  therefore,  concluded  that  the  SiC>2  content  plays  the 
most  important  role  in  developing  hydroxyapatite  for  the 
bioactive  gel-derived  powders.  The  formation  of  a surface 
hydroxyapatite  crystalline  phase  is  favored  for  the  bioactive 
gel-derived  powders  with  a lower  SiC>2  content. 


CHAPTER  VII 
SUMMARY 

lx.  1 Surface  Chemistry 

Surface  chemistry  is  important  in  the  field  of 
bioactive  materials,  especially  in  gel-derived  bioactive 
materials.  The  preceding  Chapters  show  that  the  bioactive 
powders  derived  by  sol-gel  processing  are  characterized  by  a 
high  surface  area  over  a broad  range  of  heating  temperatures. 
It  is  this  high  surface  area  and  its  chemistry  that  dominate 
the  unique  properties  of  the  powders  [87] . 

It  has  been  recognized  [228-229]  that  the  silicate 
surface  can  be  hydrolyzed  by  water  to  create  silanols,  Si-OH, 
and  the  surface  of  active  gel  is  covered  by  hydroxyl  groups 
(OH) . Zhuravlev  [230]  determined  that  values  of  the  hydroxyl 
coverage  of  different  samples  of  silicate  particles  and  gels 
fall  between  4 and  7 OH/nm^.  Since  surface  hydroxyl  groups 
serve  as  adsorption  sites  for  molecular  water  or  other  polar 
molecules,  the  surface  coverage  of  OH  groups  determines  the 
adsorption  behavior  and  consequently  the  surface  activity  of 
the  material. 

The  types  of  hydroxyl  species  that  may  exist  on  the 
silicate  gel  surface  are  shown  schematically  in  Figure  7.1 
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Figure  7.1  Schematic  illustration  of  silanol 
types  on  the  surface  of  gels  [58] . 
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[58].  The  three  types  of  hydroxyl  species  are  postulated  to 
be  isolated,  vicinal  and  geminal  [58] . 

An  isolated  hydroxyl  is  an  OH  group  located  on  a Q2* 
silicon  site  that  is  not  hydrogen-bonded.  Vicinal  hydroxyls 
are  OH  groups  located  on  neighboring  Q2  sites  in  which 
hydrogen  bonding  may  occur.  Geminal  hydroxyls  are  defined  as 
two  hydroxyl  groups  located  on  a Q2  silicon  site. 

These  various  configurations  of  surface  hydroxyl  groups 
or  silanol  groups  has  been  identified  by  high-resolution  IR 
spectroscopy  [231].  However,  Her  [87]  suggested  that  the 
types  of  silanols  on  various  forms  of  silicates  and  gels  do 
not  behave  the  same.  Thus,  understanding  the  Si02-Ca0-P2C>5 
gel-glass  system  is  important  from  a basis  chemistry  stand 
point  as  it  is  for  the  practical  application  in  biomaterials 
technology . 

The  gel  surface  can  be  visualized  as  the  truncation  of 
a random  network  composed  of  siloxane  rings  containing  on 
average  six  silicons  per  ring.  The  open  rings  created  by  the 
surface  are  terminated  with  hydroxyl  groups  on  the  basis  of 
the  ring  size  and  number  of  hydroxyl  groups.  In  addition  to 
the  ring  size  and  the  degree  of  ring  opening,  the  extent  of 
hydrogen  bonding  of  surface  OH  groups  is  greatly  influenced 
by  the  surface  curvature  which  is  depicted  in  Figure  7.2 

In  Qn  terminology,  n eguals  the  number  of  bridging  oxygens 
(-OSi)  bonded  to  the  central  silicon  (n  = 0-4)  . 
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Figure  7.2  Effect  of  surface  curvature  on  hydrogan 
bonding  [58] . 

(A)  Small  positive  radius  of  curvature 
(small  paticles)  has  fewer  hydrogen 
bonds  facilitating  dehydroxylation . 

(B)  Large  radius  of  cuvature  (large 
particles  flat  surface)  allow  more 
hydrogen  bonds,  inhibiting  dehydroxylation. 

(C)  Small  negative  radius  of  curvature 
(small  cylindrical  pores  or  necks)  has 
the  most  hydrogen  bonding  and  is  the 
most  difficult  to  dehydroxylate . 
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[58]  . A small  positive  radius  of  curvature  increases  the 
0-H — 0 distance  of  neighboring  hydroxyl  sites,  decreasing  the 
extent  of  hydrogen  bonding  on  a particle  compared  to  a flat 
surface  with  the  same  coverage  of  OH  groups,  facilitating 
dehydroxylat ion  and  consequently  reducing  the  activity  of  the 
surface.  In  contrast,  a small  negative  radius  of  curvature 
reduces  0-H--0  separation  between  neighboring  hydroxyl 
groups,  increasing  the  extent  of  hydrogen  bonding  over  that 
of  a flat  surface,  inhibiting  dehydroxylat ion  and  finally 
promoting  the  activity  of  the  surface.  From  this  point  of 
view,  gel-derived  powders  which  are  characterized  as 
microporous  with  a very  small  negative  curvature  containing  a 
large  amount  of  hydrogen  bonded  silanol  groups  on  the  surface 
should  be  remarkably  active. 

It  is  recognized  that  water  is  present  in  the  gel  in 
two  forms:  free  water  within  the  ultraporous  gel  structure, 
i.e.,  physically  absorbed  water,  and  hydroxyl  groups 
associated  with  the  gel  structure,  i.e.,  chemically  absorbed 
water.  The  sequence  of  surface  dehydration  is  the  initial 
removal  of  physically  adsorbed  water  at  low  temperatures 
followed  by  the  progressive  removal  of  weakly  hydrogen  bonded 
hydroxyls,  strongly  bonded  hydroxyls  and  finally  isolated 
hydroxyls  [220,232].  During  thermal  dehydration,  condensation 
reactions  occur  on  the  gel  surface.  It  is  postulated  that  the 
removal  of  isolated  silanols  occurs  in  part  by  diffusion  of 
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protons  along  strained  siloxane  bridges  followed  by  a 
condensation  reaction  after  an  adjacent  pair  of  hydroxyls  is 
formed . 

Dehydration  is  a nonequilibrium  process,  the  rate  at 
which  hydroxyl  groups  are  lost  at  any  stage  is  a function  of 
temperature  and  the  concentration  of  remaining  silanol 
groups.  During  dehydration,  hydroxyl  groups  are  gradually 
lost  with  increasing  temperature  (Figure  7.3)  [58].  However, 
the  surface  curvature  also  affects  the  extent  of  dehydration 
as  mentioned  before.  For  pure  silica  gel  with  extremely  small 
negative  curvature,  even  when  the  temperature  reached  800°C 
where  the  extent  of  viscous  sintering  may  be  substantial,  the 
hydroxyl  groups  are  still  high,  about  1 OH/nm2  [233-234]. 
Thus  the  silanol  concentrations  are  often  not  completely 
eliminated  by  the  thermal  dehydroxylat ion . 

In  our  study,  the  Si02-Ca0-P2C>5  bioactive  powders  were 
produced  by  sol-gel  processing.  Although  a proper  way  to 
measure  quantitatively  the  silanol  concentrations  on  the 
surface  for  these  bioactive  gel-derived  powders  has  not  yet 
been  found,  it  is  proposed  that  their  large  surface  areas 
ranging  from  200  m2/g  to  650  m2/g  must  be  covered  by  a large 
number  of  hydroxyl  groups  and  therefore  a substantial  amount 
of  silanol  groups  must  still  exist  even  after  the  dried 
gel-derived  powders  were  heated  to  600°C  and  higher 


temperatures . 
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A:  Dehydration  of  annealed  (700°C)  and  rehydratied 

silica  during  heating  in  air 
B:  Dehydration  of  annealed  (700°C)  and  rehydratied 

silica  during  heating  in  vacuum 
C:  Data  on  unannealed  silica 

Shaded  area:  Range  of  data  on  a variety  of  silica 


Figure  7.3  Hydroxyl  concentration  on  the  silica 
surface  versus  temperature  [58]  . 
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Furthermore,  all  the  gel-derived  powders  have  the  same 
type  of  adsorption-desorption  isotherm  hysteresis  loops  as 
that  shown  in  Figure  7.4  which  was  obtained  from  the  nitrogen 
absorption  BET  measurement  of  58S  gel-derived  powders.  deBoer 
[235]  has  identified  five  types  of  adsorption-desorption 
isotherm  hysteresis  loops  shown  in  Figure  7.5  and  correlated 
them  with  various  pore  shapes  as  follows:  Type  A loops  are 
attributed  to  cylindrical  pores;  Type  B hysteresis  is 
associated  with  slit-shaped  pores;  Type  C is  produced  by 
wedge-shaped  pores  with  open  ends;  Type  D loops  result  from 
wedge-shaped  pores  with  narrow  necks  at  one  or  both  open 
ends.  The  Type  E hysteresis  is  attributed  to  "ink-bottle" 
pores.  Figure  7.4  is  typically  a Type  A hysteresis  loop  which 
confirms  that  the  pores  of  the  58S  gel-derived  powders  with 
average  radius  as  small  as  34  A are  cylindrical  with  negative 
curvatures.  The  hydroxyl  groups  on  the  surface  have  the  most 
hydrogen  bonding  and  are  the  most  difficult  to  dehydrate 
[87]  . All  of  these  account  for  the  extremely  active  surface 
of  the  gel-derived  bioactive  powders. 

It  can  therefore  be  summarized  that  the  bioactive 
powders  derived  by  sol-gel  processing  have  a high  surface 
area  and  a large  amount  of  silanol  groups.  Due  to  the  small 
negative  curvature,  these  hydroxyl  groups  are  highly  hydrogen 
bonded,  active  and  difficult  to  eliminate  even  at  high 
temperature.  The  polycondensation  reaction  of  these  silanol 
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Figure  7.4  Adsorption-desorption  isotherms 
for  58S  gel-derived  powders. 
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Figure  7.5  de  Boer's  five  types  of  hysteresi 
loops  [235]  . 
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groups  to  form  Si-O-Si  takes  place  very  rapidly.  It  is  an 
exothermic  reaction  and  occurs  due  to  the  presence  of  a 
metastable  pentacoordinated  silica  molecule  on  the  surface  as 
an  intermediate  step  in  the  reaction  [236]  . It  is  possible 
that  this  metastable  state  and  the  loss  of  water  from  the 
condensation  reaction  are  associated  with  the  nucleation  and 
crystallization  of  hydroxyapatite  on  the  gel  surface.  It  is 
this  layer  that  forms  the  bonding  with  biological  moieties 
and  eventually  gives  rise  to  tissue  bonding  and  bioactivity. 

J-l2 — Comparison  of  Melt-Derived  Glass  powders  vs  Gel-Derived 

Glass  Powders 

Figure  7.6(a)  and  Figure  7.6(b)  show  the  comparison  of 
FTIR  spectra  of  45S5  Bioglass®  powders  and  58S  gel-derived 
powders  with  various  reaction  times  in  t ris-buf f ered 
solutions  at  the  early  stages.  The  reaction  times  in 
t ris-buf f ered  solutions  for  45S5  Bioglass®  powders  were  2, 
10,  20,  40  and  120  minutes.  The  curves  coded  as  2M,  10M,  20M, 
40M  and  120M  respectively  in  Figure  7.6(a)  of  45S5  Bioglass® 
powders  and  for  58S  gel-derived  powders  were  2,  10,  20  and  40 
minutes  (2M,  10M,  20M  and  40M)  in  Figure  7.6(b)  of  58S 

bioactive  gel-derived  powders.  The  interpretation  of  the 
peaks  were  given  in  previous  Chapters. 

For  4 5S5  Bioglass®  powders,  only  a very  slight  single 
peak  at  566  cm-1,  characterized  as  a P-0  bonding  vibration  in 
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Figure  7.6(a)  FTIR  spectra  for  45S5  Bioglass® 

powders  with  various  reaction 
time  at  early  stages. 
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Figure  7.6(b)  FTIR  spectra  for  58S  gel-derived 

powders  with  various  reaction 
time  at  early  stages. 
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a [PO4]  tetrahedra  or  calcium  phosphate  complex,  can  be  seen 
after  the  samples  were  immersed  in  the  solution  for  20 
minutes,  curve  20M  in  Figure  7.6(a).  Its  intensity  slowly 
increases  with  the  reaction  time,  curve  40M  in  Figure  7.6(a) . 
When  the  samples  were  reacted  for  120  minutes,  the  single 
peak  splits  into  two  separated  peaks  at  598  cm-1  and  566 
cm--*-,  which  are  characteristic  of  hydroxyapatite  crystals 
reported  by  Fowler  [207],  indicating  that  the  amorphous 
calcium  phosphate  complex  on  the  surface  starts  converting 
into  the  hydroxyapatite  crystalline  phase  by  that  time.  This 
result  is  consistent  with  the  ICP  data  of  decreasing 
phosphorus  ion  concentrations  in  the  solution  for  45S5 
Bioglass®  powders  discussed  in  Chapter  V. 

It  is  surprising  that  for  the  gel-derived  58S  powders, 
however,  no  single  peak  at  566  cm--*-  is  observed  and  a pair  of 
characteristic  peaks  of  hydroxyapatite  crystals  at  566  cm--* 
and  598  cm-1  appears  after  the  samples  were  reacted  in  the 
tris-buf fered  solution  for  only  10  minutes  in  Figure  7.6(b). 
The  characteristic  peaks  increase  their  intensities  with 
increasing  reaction  time  which  is  also  equivalent  to  the  fast 
phosphorus  ion  takeup  from  the  solutions  for  58S  gel-derived 
powders  described  in  Chapter  V.  The  finding  suggests  that 
there  is  a difference  not  only  in  the  rate  but  also  in  the 
mechanism  of  the  formation  of  hydroxyapatite  surface  layer 
between  the  melt-derived  and  the  gel-derived  powders.  The 
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gel-derived  powders  have  a much  higher  rate  of  formation  of 
the  hydroxyapatite  surface  layer  than  the  melt-derived 
Bioglass®  powders.  This  appears  to  be  because  the  nucleation 
and  crystallization  of  hydroxyapatite  occur  simultaneously  on 
the  surface  of  the  gel-derived  powders . 

7.3 Discussion 

The  formation  of  surface  hydroxyapatite  on  the 
gel-derived  powders  is  a time  dependent  kinetic  phenomenon. 
As  discussed  in  the  Chapter  II  literature  review  there  are 
four  stages  of  interfacial  reactions  that  describe  the 
chemical  changes  occurring  on  the  biomaterial  side.  Recently, 
Hench  et  al.  investigated  the  kinetics  of  bioactive  glass  and 
glass-ceramics  [237].  They  divided  the  chemical  changes 
occurring  with  bioactive  glasses  or  glass-ceramics  bonding  to 
bone  into  six  stages: 

Stage  (1)  : Ion  exchange  of  Na  + 1 or  K+1  with  H+1  or 
HgO+l  from  solution. 

Stage  (2):  Loss  of  soluble  silica  of  Si  (OH)  4 to  the 
solution  resulting  from  breakage  of  Si-O-Si  bonds  and 
formation  of  silanols  at  the  glass  solution  interface. 

Stage  (3)  : Condensation  and  repolymerization  of  a 
Si02~rich  layer  on  the  surface  depleted  in  alkalis  and 
alkaline  earth  ions . 
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Stage  (4)  : Migration  of  Ca+2  and  PC>4_3  groups  to  the 
surface  through  the  SiC>2-rich  layer  forming  a CaO-P2C>5-rich 
film  on  top  of  the  SiC>2_rich  layer,  followed  by  growth  of  the 
amorphous  CaO-P 205-rich  film  by  incorporation  of  soluble 
calcium  and  phosphates  from  the  solution. 

Stage  (5)  : Crystallization  of  the  amorphous  CaO-P2C>5 
film  by  incorporation  of  OH-1,  CO3-2  from  solution  to  form  a 
mixed  hydroxyl,  carbonate  apatite  layer  composed  of  small 
crystallites . 

Stage  (6)  : Agglomeration  and  chemical  bonding  of 
biological  moieties  within  the  growing  HA  layer  leading  to 
incorporation  of  collagen  fibrils  produced  by  osteoblasts  or 
fibroblasts . 

These  studies  lead  to  a finding  that  the  critical 
reaction  rate  in  bioactive  glass  and  glass-ceramics  is  stage 
(3)  which  controls  the  polycondensation  of  silanol  groups 
that  form  Si-O-Si  bonds  on  the  surface . 

The  kinetics  of  bioactive  gel-derived  powders  seems  to 
be  different.  According  to  the  results  in  previous  Chapters, 
it  is  proposed  that  there  may  be  only  five  stages  of 
interfacial  reactions  which  can  be  used  to  describe  the 
chemical  changes  occurring  on  the  bioactive  gel-derived 
powders.  The  five  stages  are 

Stage  (1)  : Very  rapid  ion  exchange  of  Ca+2  with  H+1  or 
H30+1  from  solution. 
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Si-O-Ca  + H+1  + OH-1  ->  Si-OH  + Ca+2  + OH-1  (7.1) 

Stage  (2):  Cation  exchange  which  increases  the 

hydroxyl  concentration  of  the  solution  and  causes  very  rapid 
loss  of  soluble  silica  in  form  of  Si (OH) 4 to  the  solution  and 
additional  silanol  (Si-OH)  formation  at  the  surface  of  the 
materials  accompanied  by  migration  of  P ions  to  the  solution 
which  also  occurs  rapidly, 

2 (Si-O-Si)  + 2 (OH-1)  ->  Si-OH  + HO-Si  (7.2) 

Stage  (3)  : Extremely  rapid  polycondensation  of  silanol 

groups  either  initially  on  the  surface  or  created  by  stage 
(2)  forming  a Si02~rich  surface  layer  depleted  in  alkaline 
earth  Ca  ions, 

2 (Si-OH)  ->  -Si-O-Si-  + H20  (7.3) 

Stage  (4):  Heterogeneous  nucleation  and 

crystallization  of  hydroxyapatite  crystals  which  occurs 
simultaneously  on  the  surface  of  the  gel  powders. 

Stage  (5)  : Agglomeration  and  chemical  bonding  of 

biological  moieties  within  the  growing  of  hydroxyapatite 
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layer  leading  to  incorporation  of  collagen  fibrils  produced 
by  osteoblasts. 

In  general,  the  rates  of  all  stages  are  so  fast  that 
the  hydroxyapatite  crystals  on  the  surface  of  the  gel-derived 
powders  (e.g.  58S)  were  detected  by  FTIR  reflection 
spectroscopy  during  the  very  early  stage  such  as  10  minutes 
of  reaction  in  the  tris-buf f ered  solutions. 

The  high  surface  area  and  the  microporous  nature  of  the 
gel-derived  powders  facilitate  stage  (1),  the  ion  exchange, 
resulting  in  a very  rapid  release  of  calcium  ions  to  the 
solution  as  well  as  a rapid  increase  in  pH. 

The  loss  of  silica  in  form  of  Si  (OH)  4 to  the  solution 
in  stage  (2)  is  completed  very  fast  as  can  be  seen  from  the 
large  increase  of  Si  ion  concentration  followed  by  a 
stabilized  state  during  the  very  early  stage  of  reaction 
shown  in  Figure  5.14. 

Stage  (3)  is  more  complicated  than  the  previous  stages. 
A characteristic  of  the  bioactive  gel-derived  powders  as  well 
as  bioactive  glasses  or  glass-ceramics  is  the  formation  of  a 
silica-rich  layer  on  the  surface  prior  to  the  migration  of 
Ca  + 2 ions  and  PC>4-3  groups  to  the  surface  or  corresponding 
with  the  development  of  a hydroxyapatite  surface  layer  both 
in-vitro  and  in-vivo.  The  role  of  this  silica-rich  layer  in 
the  nucleation  and  crystallization  of  the  hydroxyapatite  film 
has  been  a subject  of  great  concern  for  a long  time. 
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Damen  and  Ten  Cate  [238]  investigated  the  effects  of 
silicic  acid  on  calcium  phosphate  precipitation  in  vitro.  By 
measuring  the  decrease  in  Ca  ion  concentration  in  the 
solutions,  it  was  determined  that  both  silicic  acid  and 
silica  cause  spontaneous  precipitation  and  enhance  the  growth 
rate  of  hydroxyapatite.  He  concluded  that  both  silicic  acid 
or  silica  acted  as  a substrate  for  hydroxyapatite  nucleation. 
This  finding  gave  support  for  the  idea  that  polysilicic  acid 
or  silica  may  promote  the  formation  of  hydroxyapatite. 

It  has  been  established  for  many  years  that  a critical 
concentration  of  biologically  fixed  silicon  is  essential  for 
the  mineralization  of  bone  [239] . Carlisle  has  reported 
observations  on  the  silicon  content  of  bone  during 
mineralization  [240].  Utilizing  the  technique  of  electron 
microprobe  analysis  she  showed  that  in  young  mice  and  young 
chickens  there  is  a relative  abundance  of  silicon  in  newly 
mineralizing  bone  and  as  mineralizing  becomes  more  complete 
that  the  content  of  silicon  and  the  molar  ratio  of  silicon  to 
calcium  decreases.  The  region  of  high  silicon  concentration 
was  observed  to  move  ahead  of  the  mineralization  front.  These 
results  suggest  that  silicon  may  be  an  important  ion  in  the 
initiation  of  bone  mineralization. 

In  light  of  Carlisle's  findings,  it  seems  reasonable  to 
speculate  that  the  bond  formed  between  bone  and  the  bioactive 
glass  or  glass-ceramics  may  be  initiated  through  the  silicon 
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containing  gel  on  the  surface  on  the  bioactive  glass  or 
glass-ceramics.  This  gel,  containing  calcium  and  phosphorus 
ions  as  well  as  silicon  ions,  may  be  so  similar  in 
concentration  to  that  of  normal  bone  in  osteogenesis  that 
osteoblasts  recognize  it  as  a surface  on  which  to  lay  down 
collagen  and  mucopolysaccharides.  When  the  polysaccharides 
interact  with  the  gel  and  the  collagen  fibrils  are  bonded  to 
the  surface,  the  stability  of  the  gel  should  be  increased  and 
further  corrosion  should  be  prevented.  The  net  effect  is  the 
incorporation  of  collagen  fibers  into  the  gel  which  is  itself 
part  of  the  implant  surface . 

As  mentioned  earlier,  the  gel  surface  is  covered  by  a 
large  amount  of  silanol  groups.  Hydrogen  bonding  occurs  quite 
readily  between  polar  organic  groups  and  the  polar  silanol 
surface.  Her  has  shown  that  the  adsorption  of  nonionic 
organic  compounds  on  the  surface  of  silica  is  dependent  on 
the  presence  of  polar  groups  such  as  oxygen  and  nitrogen  in 
the  molecule  [87].  According  to  Iler,  it  is  through  the 
hydrogen  bonding  that  protein  molecules  are  strongly  absorbed 
onto  the  surface  of  silica  gel.  Collagen  and  glycoproteins, 
two  major  organic  components  of  healing  bone,  are  either 
protein  or  contain  protein.  They  would  hydrogen  bond  with  the 
silanol  surface  of  the  gel.  All  these  findings  point  out  that 
a SiC>2-rich  silica  gel  surface  may  be  the  key  to  the 
precipitation  or  crystallization  of  hydroxyapatite.  It  is  the 
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silica  gel  that  stimulates  or  promotes  the  formation  of 
hydroxyapatite,  through  providing  heterogeneous  nucleation 
sites . 

The  bioactive  gel-derived  powder  itself  is  actually  a 
high  SiC>2  content  gel  with  high  surface  area  formed  through 
controlled  hydrolysis  and  condensation  reaction  of  the 
alkoxides . In  gel-derived  powders,  there  are  a large  amount 
of  active  silanol  groups  initially  on  the  surface  either 
isolated  or  hydrogen  bonded  even  before  an  in-vitro  reaction 
or  implantation.  In  other  words,  it  is  not  necessary  to 
create  silanol  groups  on  gel  powders  through  the  first  and 
second  stage  reactions.  The  supersaturation  of  silicic  acid 
can  be  reached  very  fast  as  soon  as  the  powders  are  immersed 
in  the  tris-buf f ered  solution  (Figure  5.14).  In  addition, 
since  the  tris-buf f ered  solution  has  a relatively  higher  pH 
of  7. 2-7. 4,  further  condensation  reactions  will  be  greatly 
accelerated  on  the  surface  of  the  powders  resulting  in  a 
SiC>2-rich  layer  with  depletion  of  calcium  ions.  In  this 
particular  case,  stage  (3)  may  occur  at  the  same  time  with 
stage  (1)  and  (2)  and  its  rate  should  be  very  fast. 

Since  no  single  characteristic  peak  at  566  cm-1, 
assigned  to  P-0  modes  in  amorphous  calcium  phosphate  in  the 
FTIR  spectra,  were  observed  on  any  bioactive  gel-derived 
powders  studied  (Section  7.2),  during  stage  (4),  simultaneous 
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nucleation  and  crystallization  of  hydroxyapatite  crystals  on 
the  surface  is  proposed. 

Since  in-vivo  tests  have  just  started,  there  is  no  data 
available  yet  to  explain  stage  (5)  and  whether  it  is 
accelerated  as  expected. 

In  summary,  the  very  rapid  formation  of  surface 
hydroxyapatite  crystals  on  these  gel-derived  bioactive 
powders  is  believed  to  depend  on  their  silica-rich  gel  nature 
such  as  the  extremely  high  surface  area  terminated  with  a 
large  amount  of  silanol  groups  with  a high  degree  of  hydrogen 
bonding  which  may  give  rise  to  an  increased  density  of 
potential  nucleation  sites  for  hydroxyapatite  crystals.  It  is 
proposed  that  the  relatively  higher  pH  of  the  tris-buf f ered 
solution  accelerates  the  condensation  reaction  of  the  silanol 
groups  on  the  surface.  It  is  this  exothermic  polycondensat ion 
reaction  that  may  promote  the  heterogeneous  nucleation  and 
crystallization  of  hydroxyapatite  to  occur  simultaneously,  at 
least  for  the  58S  gel-derived  bioactive  powders. 

8.4  Conclusion 


The  three  component  CaO-P205-SiC>2  system  gel  powders 
produced  by  sol-gel  processing  are  very  bioactive.  FTIR 
spectra,  X-ray  diffraction  analysis  and  other  techniques 
confirmed  a very  rapid  formation  of  a hydroxyapatite  layer  on 
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the  surface  of  the  powders  after  exposure  to  the 
tris-buf fered  solutions. 

As  discussed  in  Chapter  VI,  the  sol-gel  processing  of 
the  CaO-P205-SiC>2  gel-derived  powders  also  increases  the 
compositional  range  of  bioactivity  by  a significant  amount. 
The  new  compositional  field  of  bioactivity  is  schematically 
illustrated  in  Figure.  7.7.  Gel-derived  powders  containing 
as  high  as  90  mol.%  SiC>2  with  4 mol . % P2O5  and  6 mol.%  CaO 
still  show  formation  of  a hydroxyapatite  layer  within  7 days 
reaction  at  37°C.  In  contrast,  the  previous  composition  limit 
of  bioactivity  of  all  the  bioactive  glasses  and 
glass-ceramics  so  far  produced  was  established  at  60  %,  as 
shown  in  Figure  1.1.  The  important  potential  advantage  of  low 
temperature  solution  processing  to  yield  new  compositions. 
Table  3.1,  has  thus  been  realized. 

The  mechanism  proposed  for  the  enhanced  bioactivity  and 
the  larger  compositional  region  of  bioactivity  of  gel-derived 
powders  is  the  increased  density  of  nucleation  sites  for 
crystallization  of  hydroxyapatite  on  the  surface  of  the  gels. 
The  surface  of  the  gels  are  covered  by  silanols  with  active 
hydrogen  bonds.  The  exothermic  polycondensation  of  silanol 
groups  may  promote  the  formation  of  hydroxyapatite  crystals. 
The  very  fast  appearance  of  crystalline  hydroxyapatite  peaks 
suggests  that  nucleation  and  crystallization  of 
hydroxyapatite  crystals  occur  simultaneously. 
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Bioactive  Bonding  Boundaries 


A Bonding  at  30  days  or  less 
B Nonbonding,  reactivity  is  too  low 
C Nonbonding,  reactivity  is  too  high 
D Nonbonding,  nonglass  forming 


Bioglass  ® 45S5 
• Ceravital  ® 

© A/W  Glass-ceramics 
(Larger  P2O5  content) 


Soft  Tissue  Bonding 


Extended  Bioactive  Region 


Figure  7.7  New  bioactivity  composition  boundary. 


CHAPTER  VIII 

CONCLUSION  AND  SUGGESTIONS  FOR  FUTURE  WORK 


The  recent  development  of  sol-gel  processing  offers  a 
new  approach  for  the  preparation  of  bioactive  gel-glass 
powders  with  potential  advantages  over  those  of  bioactive 
glass  and  glass-ceramics  made  by  conventional  processing.  The 
objectives  of  this  study  fell  into  two  categories.  The  first 
objective  was  to  develop  a reliable  method  for  preparing  the 
bioactive  gel-glass  powders  in  the  Ca0-P205-SiC>2  system  via  a 
sol-gel  route.  The  second  one  was  to  study  several  series  of 
gel-derived  powder  samples  with  the  intent  of  developing  an 
understanding  of  the  characteristic  features  that  control  the 
rate  of  hydroxyapatite  formation  in-vitro  and  thereby  their 
bioactivity . 

In  order  to  fulfill  these  objectives,  a series  of 
bioactive  gel-glass  powders  were  prepared  using 
tetraethylorthosilicate  (TEOS) , triethyl  phosphate  and 
calcium  nitrate  as  precursors  and  nitric  acid  as  catalyst. 
The  sol-gel  processing  successfully  utilized  in  the  study  was 
as  follows:  1)  mixing  precursors  to  generate  sol,  2)  casting, 
3)  gelation,  4)  aging,  5)  drying,  6)  densif icat ion  at  a 
relatively  low  temperatures  and  7)  milling  and  screening  to 
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obtain  powders  with  required  sizes.  The  details  were 
described  in  Chapter  III. 

The  characteristic  features  of  the  gel-derived  powders 
were  measured  using  FTIR  reflection  spectroscopy.  X-ray 
diffraction  analysis,  thermal  analysis  and  nitrogen 
absorption  BET.  The  results  show  that  most  gel-derived 
powders  exhibit  completely  amorphous  X-ray  spectra  except  49S 
and  54S  which  have  relatively  lower  SiC>2  contents.  A very 
small  amount  of  crystallinity  was  observed  on  49S  and  54S 
gel-derived  powders.  The  interpretation  of  FTIR  spectra  for 
gel-derived  powders  of  various  compositions  was  given  in 
Chapter  IV.  Basically,  the  FTIR  spectra  of  these  gel-derived 
powders  appear  similar  to  those  of  melt-derived  bioactive 
glasses.  The  only  difference  between  the  two  is  a slight 
shift  of  the  1095  cm-1  stretching  vibration  peak  towards 
higher  frequencies  for  the  gel-derived  powders  which  could  in 
part  be  due  to  a certain  degree  of  strain  in  the  Si-O-Si 
bridging  bonds  at  the  surface  of  the  pores.  Nitrogen 
absorption  BET  data  of  the  gel-derived  powders  indicate  that 
these  powders  have  very  large  surface  areas,  ranging  from  200 
m^ /g  to  650  m^/g.  DTA  analysis  of  58S  gel— derived  powders 
suggests  that  the  gel-derived  powders  have  a tendency  to 
crystallize  at  high  temperatures:  a 58S  sample  starts  to 
crystallize  at  about  900°C. 
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Chapter  V gave  evidence  of  the  bioactivity  of  the 
gel-derived  glass  powders.  It  has  been  concluded  that  the 
essential  condition  for  glass  and  glass-ceramics  to  bond  to 
bone  is  the  formation  of  the  surface  hydroxyapatite  layer  in 
the  body  environment.  The  bioactivity  of  glasses  or 
glass-ceramics  could  thus  be  defined  as  the  ability  of  a 
material  to  form  a surface  hydroxyapatite  in  a controlled 
simulated  body  fluid.  The  appearance  of  characteristic  peaks 
of  hydroxyapatite  crystals  at  566  cm-1  and  596  cm-1  for  most 
gel-derived  powders  after  only  one-hour  exposure  to 
tris-buf fered  solutions  indicate  the  strong  bioactivity  of 
the  powders.  The  Si-O-Si  rocking  vibration  peak  at  482  cm--'- 
is  diminished  for  the  58S  and  54S  gel-derived  powders  and 
replaced  by  the  peaks  at  566  cm-1  and  596  cm-1  which  are  well 
defined  as  characteristic  of  hydroxyapatite  crystals  after 
only  eight  hours  reaction.  It  is  surprising  to  find  that  the 
peaks  at  566  and  596  cm“l  never  appear  separately  in  the  FTIR 
spectra  for  gel-derived  powders,  whenever  they  appear,  even 
in  the  very  early  stages  (Figures  5.1,  5.2,  5.3  and  also 
Figure  7.4),  they  appear  as  a pair.  This  shows  the  strong 
evidence  that  the  nucleation  and  crystallization  of 
hydroxyapatite  crystals  occur  simultaneously  on  the  surface 
of  the  gel-derived  powders.  The  comparison  of  the  FTIR 
spectra  of  gel-derived  58S  powders  and  melt-derived  45S5 
Bioglass®  indicates  that  58S  develops  hydroxyapatite  more 


rapidly  than  45S5  Bioglass®,  suggesting  58S  gel-derived 
powders  are  more  bioactive  than  45S5  Bioglass®. 

This  suggestion  was  further  confirmed  by  the  X-ray 
diffraction  analysis.  The  X-ray  diffraction  spectrum  of  58S 
gel-derived  powders  shows  a stronger  X-ray  diffraction  peak 
at  32°  20  after  only  8 hours  reaction  than  that  of  45S5 
Bioglass®  after  exposure  to  the  same  tris-buf fered  solution 
for  100  hours. 

The  development  of  hydroxyapatite  on  the  surface  of  the 
materials  in-vitro  is  a time  dependent,  dynamic  phenomenon. 
The  variation  of  pH  and  Si,  Ca,  P and  Na  ions  concentrations 
of  the  testing  solutions  were  measured  for  both  gel-derived 
powders  and  45S5  Bioglass®  powders  as  a function  of  reaction 
time.  The  very  rapid  increase  in  pH  and  ion  concentrations  of 
the  solution  for  gel-derived  powders  is  consistent  with  their 
high  bioactivity.  It  is  interesting  to  observe  that  silicon 
ion  concentrations  increased  to  about  45  ppm  immediately 
after  the  sample  was  put  in  the  testing  solution  and  kept 
constant  for  up  to  8 hours,  suggesting  the  system  reached  a 
supersaturation  of  silicic  acid  very  rapidly.  This  is  an 
important  clue  concerning  the  fast  formation  of 
hydroxyapatite  in-vitro  and  the  bonding  with  bone  in-vivo. 

The  shorter  phosphorus  takeup  time  from  the  solution  of 
the  gel-derived  58S  powders  matches  the  above  discussion  of 
FTIR  reflection  spectra  and  the  X— ray  diffraction  spectra. 
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The  comparison  of  ICP  data  for  the  powder  and  the  bulk 
samples  of  45S5  Bioglass®  showed  the  important  role  of 
surface  area  in  behavior  of  the  materials.  The  powder  45S5 
Bioglass®  samples  with  a ratio  of  surface  area  to  volume 
(SA/V)  of  1 to  10  cm-l  have  more  rapid  leaching  rate  of  ions 
than  the  bulk  samples  with  a ratio  of  only  0.1  cm~l. 

The  results  of  Chapter  VI  show  that  the  rate  of 
formation  of  hydroxyapatite  on  the  surface  is  greatly 
affected  by  both  the  composition  and  the  texture  of  the 
gel-derived  powders.  Varying  the  SiC>2  content  and  P2°5 
content  changes  the  rate  of  hydroxyapatite  formation. 

In  general,  the  bioactivity  increases  with  decreasing 
SiC>2  content,  a lower  SiC>2  content  of  the  gel-derived  powders 
favors  the  formation  of  a hydroxyapatite  surface  layer. 
However,  gel-derived  powders  containing  as  high  as  90  mol . % 
SiC>2  with  4 mol . % P2O5  and  6 mol . % CaO  still  show  the 
formation  of  a hydroxyapatite  surface  layer  within  7 days  at 
37°C.  In  contrast,  the  SiC>2  compositional  boundary  of 
bioactivity  of  all  conventional  melt-derived  bioactive 
glasses  and  glass-ceramics  is  60  mol . % . The  sol-gel 
processing  increases  substantially  the  compositional  range  of 
bioactivity  by  a significant  amount. 

When  P2O5  content  increases,  liquid-liquid  phase 
separation  induced  by  phosphorus  may  occur  in  the  system. 
This  may  be  the  reason  why  it  took  a longer  time  for  the 
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development  of  hydroxyapatite  peaks  for  68S-8P  gel-derived 
powders  with  higher  P2O5  content. 

The  texture,  mainly  the  surface  area,  of  gel-derived 
powders  plays  a secondarily  important  role  for  the  formation 
of  the  hydroxyapatite  layer.  The  surface  area  of  the 
gel-derived  powders  can  be  controlled  by  changing  the  heat 
treatment  temperatures.  The  increasing  heat  treatment 
temperature  reduces  the  surface  area  as  well  as  the  surface 
hydroxyl  concentrations  resulting  in  the  decrease  of  the  rate 
of  hydroxyapatite  formation  on  the  surface  of  58S  gel-derived 
powders . 

Chapter  VII  summarizes  the  study  and  further  discusses 
the  bioactivity  of  the  materials  in  terms  of  surface 
chemistry . 

A comparison  of  FTIR  spectra  of  gel-derived  powders  and 
melt-derived  Bioglass®  powders  has  been  made.  The  possible 
mechanisms  of  the  rapid  formation  of  hydroxyapatite  layer  on 
the  gel-derived  powders  have  been  proposed. 

The  gel-derived  bioactive  powders  are  characterized  by 
their  microporosity  with  an  extremely  large  surface  area.  It 
is  believed  that  the  surface  is  terminated  by  a large  amount 
of  silanol  groups  with  hydrogen  bonding  and  therefore  must  be 
very  active  chemically.  It  is  the  intrinsic  porous  gel 
nature,  the  large  surface  area,  the  large  coverage  of 
hydroxyl  groups  on  the  surface  and  the  extremely  fast  rate  of 
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the  formation  of  the  silanol-rich  surface  during  the  reaction 
that  may  play  the  key  roles  for  the  development  of 
hydroxyapatite  layer  in-vitro  and  the  bonding  with  bone 
in-vivo.  Since  the  single  FTIR  peak  at  566  cm-1  was  never 
observed,  the  characteristic  peaks  of  hydroxyapatite  crystals 
at  566  and  596  cm~l  always  appear  as  a pair,  it  gives  strong 
evidence  that  nucleation  and  crystallization  of  HA  may  occur 
simultaneously  for  the  gel-derived  bioactive  glass  powders. 

Thus,  sol-gel  processing  not  only  increases  the  rate  of 
hydroxyapatite  formation  but  also  extends  the  compositional 
range  of  bioactivity,  as  described  in  Chapter  VI.  It  is  the 
first  time  for  20  years  that  the  compositional  boundary  for 
bioactivity  is  increased  from  a limit  of  60  mol . % SiC>2  up  to 
90  mol . % SiC>2  • 

The  mechanism  proposed  for  the  enhanced  bioactivity  and 
the  larger  compositional  region  of  bioactivity  is  the 
increased  density  of  nucleation  sites  for  crystallization  of 
hydroxyapatite  and  the  Si02~rich  surface  nature  of  the 
sol-gel  derived  powders. 

In-vivo  tests  for  the  gel-derived  powders  have  just 
started.  So  far,  there  is  no  data  available  yet. 

The  results  of  the  in-vitro  studies  of  the  gel-derived 
bioactive  glass  powders  offer  an  exciting  approach  for 
biomaterial  science.  The  need  for  further  basic  research  to 
pursue  these  discoveries  is  clear. 
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It  is  important  to  correlate  the  observed  in-vitro 
responses  with  in-vivo  results. 

The  mechanisms  and  kinetics  for  the  interfacial 
reaction  which  are  still  uncertain  need  to  be  further 
investigated.  Only  by  a thorough  understanding  of  the 
mechanisms  and  kinetics  of  the  surface  reactions  and  their 
dependence  on  processing  will  it  be  possible  to  develop 
better  bioactive  glass  powders  with  predictable  properties 
and  high  performance. 

The  gel-derived  bioactive  powders,  with  superior  and 
unique  properties,  such  as  the  substantially  lower  processing 
temperature  and  the  very  rapid  and  controllable  bioactivity 
which  can  meet  different  clinical  needs,  have  a variety  of 
potential  applications.  They  can  be  directly  placed  in 
bone-deficient  areas  and  can  be  also  mixed  with  various  types 
of  resorbable  polymer  carrier  systems  to  form  pastes  that  can 
fill  in  the  deficiency.  The  material  in  either  powder  or 
paste  form  can  fill  irregular  bony  wounds  and  spaces  caused 
by  local  or  systemic  disease  as  a putty  or  by  injection 
without  being  shaped  clinically  or  preclinically  like  bulk 
materials.  Coatings  of  the  powders  on  substrates  is  probably 
another  attractive  direction.  The  low  temperature  processing 
may  make  it  possible  to  coat  biopolymers  such  as  silicones. 

The  consensus  is  that  the  future  for  sol— gel  derived 
bioactive  materials  is  bright. 
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It  is  hoped  that  our  work  will  aid 
development  of  this  promising  new  type 
materials . 


in  the  further 
of  bioactive 
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